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In the present work the phase behaviour of hard dumbbells has been explored as a function of 
aspect ratio (L*, the center to center distance to the diameter of one composed sphere) and 
volume fractions using thermosensitive dumbbell-shaped microgels as the hard dumbbell 
model system. A fluid-to-plastic crystal phase transition indicated by Bragg reflections has 
been observed for L* < 0.4. The experimental phase diagrams at L* ~ 0.24 and L* ~ 0.30 are 
comparable to the theoretical prediction of the Monte Carlo simulations.  
Rheological measurements reveal that the hard dumbbells in the biphasic gap show the 
yielding behaviour with a single yielding event, while two yielding events have been observed 
for the plastic crystalline phase. The two yielding events, referred to as the double yielding 
behaviour, are proved to be related to the crystallization of hard dumbbells. The underlying 
structural evolution has been investigated by rheo-SANS experiments and the scattering data 
has been interpreted by BD simulations. It is demonstrated that the plastic crystal structure of 
the hard dumbbells is polycrystalline at rest, which has been induced into the twinned fcc 
structure at low strain, the partially oriented sliding layers at high strain and the intermediate 
state at the strain in-between. The shear-induced structural evolution corresponds to the 
double yielding events of the fully crystallized hard dumbbells. Additionally, we prove that 
the increase of L* (L* < 0.4) does not change the structural evolution of the sheared hard 
dumbbells. Only more extensive or longer oscillations are required to form the shear-induced 
crystal structures due to the slowdown of the dynamics in the vicinity of the glass transition.  
In a second part, the work of this thesis is extended to hollow systems composed of hollow 
spheres and hollow Janus dumbbells that can be used as model systems to probe phase 
behaviour of hollow capsules.  
Key words: hard dumbbell, phase behaviour, crystallization, partially oriented sliding layers, 





In der vorliegenden Arbeit wurde das Phasenverhalten von harten Hantelteilchen (Dumbbells) 
als Funktion des Aspektverhältnisses (L*, der Quotient aus dem Abstand der Massenzentren 
zum Durchmesser der Kugel) und der Volumendichte untersucht. Bragg-Reflexe weisen 
darauf hin, das harte Dumbbells mit L* < 0.4 einen Phasenübergang von einer Fluid-artigen 
Phase zu einem plastischen Kristall zeigen. Die experimentellen Phasendiagramme bei L* ~ 
0.24 und L*~ 0.30 sind vergleichbar mit Vorhersagen aus Monte Carlo-Simulationen.  
Rheologie Messungen zeigen, dass harte Dumbbells verschiedene Gleichgewichts- und 
Nichtgleichgewichtsphasen annehmen. Suspensionen von harten Dumbbells im 
Zweiphasenbereich zeigen ein einziges Fließgrenzen-Ereignis, wohingegen in der plastischen 
Kristallphase zwei Fließgrenzen-Ereignisse beobachtet werden. Diese, im Folgenden als 
„double yielding“ bezeichneten Ereignisse, hängen mit der Kristallisation der Suspensionen 
von harten Dumbbells zusammen. Die entsprechende Strukturentwicklung wurde mit rheo-
SANS-Experimenten untersucht und mithilfe von BD Simulationen interpretiert. Es konnte 
gezeigt werden, dass die plastische Kristallphase polykristallin im Ruhezustand ist. Unter 
schwacher Scherung wird eine fcc-Schwerzwilling Struktur ausgebildet. Bei hoher Scherung 
formt sich eine teilweise orientierte Struktur aus gleitenden Schichten. Zwischen diesen 
beiden Strukturen existiert eine ungeordnete Übergangsphase. Die Scher-induzierte 
Strukturausbildung eintspricht dem „double yielding“ Ereignis der kristallinen harten 
Dumbells. Es wurde gezeigt, dass ein größeres L* (L* < 0.4) die Strukturentwicklung unter 
Scherung qualitativ nicht beeinflusst. Aufgrund verlangsamter Dynamik in der Nähe des 
Glasübergangs sind lediglich stärkere oder längere Oszillationen von Nöten, um Scher-
induzierte Kristallisation zu erzeugen. 
Im zweiten Teil dieser Arbeit werden Systeme aus hohlen Kugeln und „Janus“-Dumbbells 
vorgestellt, die als kolloidale Modellsysteme dienen können. 
 
Schlagwörter: harte Dumbbell, Phasenverhalten, Kristallisation, teilweise orientierte 
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1. Introduction  
Colloidal particles dispersed in a liquid exhibit a variety of phase behaviour, which can mimic 
that of simple atomic or molecular liquids and solids.[1-3] In general, the phase transition of 
colloidal systems can be divided into two classes: disorder-order transitions driven by 
entropic effects in systems dominated by repulsive interparticle potentials and fluid-fluid or 
fluid-solid transitions caused by weak attractions. This thesis studies the first one that 
corresponds to the disorder-order or freezing transition in the molecular system. Synthetic 
colloids have been prepared and used as model systems.[4-7] The phase behaviour of both 
spherical[8-10] and nonspherical systems[11-12] have been intensively investigated. In the 
following the main results of these studies will be presented and discussed. 
1.1  Hard spheres  
Up to now, spherical colloids have been synthesized and used as model systems.
[4, 13-15]
 
Sterically stabilized suspensions have been regarded as hard spheres to study crystallizations 
and the vitrification at a fundamental level.
[16-19]
 Pusey and van Megen first reported on the 
crystallization
[1]
 and the glass transition
[20-21]
 of hard spheres. Sterically stabilized poly(methyl 
methacryalate) (PMMA) covered by a thin surface layer of poly-(12 hydroxystearic acid) 
(PHSA)
[4, 22]
 are used as the hard sphere model system. The phase diagram of hard spheres is 





Figure 1.1.1 Phase diagram of hard spheres As shown in the top part, monodisperse hard spheres with  
freeze crystallize,
[23]
 and the glass transition (in the bottom part) is at g
 Random-close packing of 
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In case of monodisperse hard spheres, the suspension with the volume fraction below the 
freezing point 
freeze
= 0.49 is in a disordered fluid phase where particle positions are not 
correlated over a long distance. For 0.49 <  < 0.55, an ordered crystal phase coexists with the 
fluid phase in equilibrium. When the volume fraction is above 0.55, the suspensions are in the 
fully crystalline phase. In addition to this, a glassy phase exists for 0.58 <  < 0.64 as shown 
in the bottom part of Figure 1.1.1. Polydispersity of the hard spheres can prevent 
crystallization and such a suspension is the ideal system for the study of colloidal glasses. rcp 
is the random close packing volume fraction, that is, the maximum density of a completely 
random sphere packing.[26-27] 
Recently, thermosensitive core-shell microgels that can serve as the model system of hard 
spheres[19] have been developed. [28-29] As shown in Figure 1.1.2, the core-shell microgels are 
composed of polystyrene (PS) spheres as core and thermosensitive poly (N-
isopropylacrylamide) (PNIPA) network as shell.[30-31] Due to the themosensitivity of the 
PNIPA shell, the shell thickness and volume fractions can be adjusted via controlling 
temperature.[31-32] Thus, the fluid-to-crystal transition[33] as well as the fluid-to-glass 
transition[34-35] can be easily realized by changing the temperature. 
 
Figure 1.1.2 Scheme of the thermosensitive core-shell microgels. The PNIPA shell is attached onto the surface to 
the PS cores. At room temperature of ca. 25 °C, the PNIPA network takes up the dispersion medium water, which 
will be mostly expelled when the temperature is raised above 32 °C.[36] 
Using the core-shell microgels as model systems, the crystallization of hard spheres has been 
investigated.
[14]
 The phase diagram obtained from this model system is identical to the 
theoretical prediction.
[37]
 It is also comparable to that achieved by using the sterically 
stabilized PMMA latex as a model system.
[38]
 Moreover, suspensions of the core-shell 
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microgels have become one of the most important model systems to study the glass transition 
and to test statistical-mechanical theories.
[19, 29]
 For example, the flow behaviour of hard 
spheres in the glassy state has been investigated by rheological measurements
[19, 39-40]
 and the 
results are in accordance with the theoretical predictions of mode-coupling theory (MCT).
[34-
35, 41-42]
 Thus, the phase behaviour and dynamics of concentrated spherical colloidal 




1.2 Hard dumbbells  
The phase behaviour of spherical colloidal suspensions is well understood by now and recent 
research focuses more and more on nonspherical objects. Frenkel and co-workers[45] are one 
of the first groups to investigate the shape and size effect on the phase behaviour of hard 
ellipsoids by Monte Carlo simulations. It is found that hard ellipsoids with large anisotropies 
freeze into the fully ordered phase with both translation and orientation order. In case of small 
anisotropies, hard ellipsoids freeze into a plastic crystal phase, exhibiting long range 
translational order without long range orientational order.[45-47]  
 
Figure 1.2.1 Schematic figure of a hard dumbbell that consists of two interpenetrating identical spheres. L 
denotes the center to center distance and Drepresents the diameter of one composed sphere. The particle’s 
anisotropy is defined by aspect ratio, L* = L/D 
Based on the hard dumbbell model system as schematically shown in Figure 1.2.1, Singer et 
al.[48] calculated the coexistence curve between the fully ordered phase and the plastic crystal 
phase as a function of the particle’s anisotropy. Vega and his co-workers[49] used Monte Carlo 
(MC) simulations to study the solid-fluid phase equilibria of hard dumbbells, indicating that 
the phase diagram of hard dumbbells is a function of  and aspect ratio, L*.[50] MC 
simulations predict that the plastic crystal phase is stable for L* < 0.38 within a certain range 
1 Introduction   
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of volume fractions[49-50] and a fully ordered phase forms at higher volume fractions. For L* > 








Figure 1.2.2 The phase diagram of hard dumbbells in the number density and the packing fraction versus 
L* = L/Drepresentation.[52] F denotes the fluid phase and CP1 means the periodic crystal. The aperiodic phase 
(aper) is stable only in a narrow region of the phase diagram. The stable fcc type plastic crystal is denoted by 
filled squares, the hcp plastic crystal phase is denoted by empty squares. The coexistence densities for L* < 0.9 
are taken from Refs. [49-50].  
To further investigate the phase behaviour of hard dumbbells, Marechal et al. calculated the 
stability of crystal structures of hard dumbbells using MC simulations.[52] The calculated 
structure diagram is shown in Figure 1.2.2, the boundary of which is comparable to that of the 
phase diagram calculated by Vega et al.[49-50],[53] As shown in Figure 1.2.2, the calculation 
based on the MC method indicates that the hexagonal-close-packed (hcp) structure is more 
stable than the face-centered-cubic (fcc) structure for the plastic crystal formed from the hard 
dumbbells with L* < 0.38. Both fcc and hcp structures consist of hexagonally close-packed 
layers, but they are different in the stacked way of hcp planes. Hexagonal layers of fcc 
structure stack in the ABC sequence, while the layers of hcp structure stack in the ABAB 
sequence. In the case of hard dumbbells with L* > 0.88, the data of Figure 1.2.2 indicates that 
the aperiodic crystal structure is more stable, where the spheres of the dumbbells are on a 
random-hexagonal-close-packed lattice.  
The theoretic work discussed above indicates that the hard dumbbells can order into manifold 
structures, which are determined by L* and . With the availability of colloidal dumbbells,[5, 
54-55] new crystal structures have been recently created based on the self-assembly of 
     1.2 Hard dumbbells 
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dumbbells.[56] In the absence of external fields, most of the work focused on 2D structures 
produced by the convective drying.[57-58] Using slightly charged dumbbells with L* ~ 0.26 as a 
model system, Zukoski’s group first observed the plastic crystal and a body-centered 
tetragonal (bct) structure with aligned particles by ultra-small-angle X-ray scattering 
(USAXS).[59] Additionally, they analyzed the structure of the plastic crystal by the 
combination of rheology and small angle neutron scattering (rheo-SANS).[60] The plastic 
crystal in equilibrium was observed to be in the polycrystalline phase, and the sliding 
hexagonally packed layers developed under steady shear. However, the long-range order was 
lost at larger shear rates.  
In external fields (e.g. magnetic field[61] or electric field[62]), field-induced crystals can be 
formed from dumbbell-shaped colloids,[63] which are mainly explored using the real-space 
confocal microscopy.[64-66] Here the group of van Blaaderen observed several different crystal 
structures by varying the particle’s aspect ratio, range of interactions and electric field 
strength as shown in Figure 1.2.3. It was demonstrated that a tetragonal crystal (Figure 1.2.3a) 
and a bct structure (Figure 1.2.3d) were formed for high electric fields, while based-centered-
monoclinic (bcm) structures were observed for low electric fields. In addition, they directed 
the orientation of asymmetric composite dumbbells with an electric field, increasing the 
potential for finding new crystal structures.[67-68]  




Figure 1.2.3 Unit cells for various structures of dumbbells crystals. They were obtained by sedimentation of 
charged dumbbells in a refractive index matching solvent within the presence of an electric field. (a) Tetragonal 
unit cell of dumbbell crystals formed from dumbbells with L* = 0.9 in an electric field of 28 Vrms/mm. The 
crystal has a P4/nmm symmetry with space group number 129. (b) Based-centered monoclinic phase observed 
for dumbbells with L* = 0.7 in a field of 23 Vrms/mm and for dumbbells with L* = 0.44 in a field of 78 Vrms/mm. 
(c) Based-centered monoclinic phase observed less frequently for charged dumbbells of L* = 0.44. (d) Body-
centered-tetragonal (bct) phase observed for dumbbells with L* = 0.7 and L* = 0.44 at higher electric fields. ‘E’ 
stands for the electric field and ‘g’ for the direction of gravity.[69] 
The theoretical and experimental studies discussed so far show that colloidal dumbbells are of 
great interest. A comprehensive investigation on the phase behaviour of hard-dumbbell-like 
colloids would provide the experimental comparison and verification for the theoretical 
studies on the phase behaviour of anisotropic particles.[52] As analogues of diatomic 
molecules,[70] hard-dumbbell-like colloids can provide access to understand the physical 
phenomenon like the freezing of nitrogen molecules into the plastic crystal.[53] Moreover, the 
phase behaviour of hard-dumbbell-like colloids can guide the self-assembly of anisotropic 
particles to create new types of colloidal crystals[71-72] or photonic gap materials[73]. However, 
there is no experimental report on the phase behaviour of hard dumbbells without an external 
field yet.  
Here, we first present the preparation and comprehensive study of a hard dumbbell model 
system, which is composed of a dumbbell-shaped PS core and a shell of thermosensitive 
crosslinked PNIPA. The PNIPA shows a collapse at a lower critical solution temperature 
(LCST) of ca. 32°C,[31, 36, 74] which can be used to adjust the shell thickness and volume 
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fractions via temperature. Thus, the transition from fluid-to-solid (crystalline or glassy) state 
can be easily realized through controlling the temperature as shown in Figure 1.2.4. Based on 
this model system, the phase behaviour of hard dumbbells is investigated in this thesis.  
 
Figure 1.2.4 Schematic representation for the reversible transition of thermosensitive dumbbell-shaped 
microgels from fluid-to-solid via adjusting temperature from 40°C to 10°C. The dumbbell-shaped microgels 
have a thermosensitive PNIPA shell attached onto the surface of dumbbell-shaped cores, which is swollen by 
water at low temperature e.g. 10 °C. However, water will be expelled when the temperature is increased to 
40°C.[36, 75-76] In this way, the volume fraction of the particles can be adjusted by temperature. 
1.3 Strategy of synthesis 
Various methods have been reported to synthesize dumbbell-shaped particles, including 
inorganic,[77-80] organic-inorganic,[81] and organic (polymeric) dumbbells[82-83]. In general, two 
routes are mainly used to produce a large scale of homogeneous dumbbells. Colloidal silica 
dumbbells formed by spherical silica seeds are grown in a microemulsion and aggregated by 
the depletion effects.[5] One additional silica layer is fabricated to adjust the aspect ratio of 
these silica dumbbells. A second synthetic strategy for the preparation of non-spherical 
particles is the seeded emulsion polymerization.[84] Based on this approach, cross-linked 
spherical seeds particles are firstly swollen with monomers and then give rise to dumbbell-
shaped particles by the phase separation of the second monomer during polymerization.[68, 77, 
85-86] Moreover, Janus dumbbells with chemical anisotropy are produced through the seeded 
polymerization by using different monomers in the swelling stage.[68, 83, 86] However, nearly all 
1 Introduction   
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dumbbells are charge stabilized colloidal particles, which cannot serve as model systems of 
hard dumbbells.  
Recently, Crassous et al.
[87]
 reported the preparation of thermosensitive ellipsoids by 
stretching spherical polymeric particles. The aspect ratio is varied by controlling the 
stretching process. Hoffmann et al. [82],[88] presented a synthetic strategy based on the seeded 
emulsion polymerization to fabricate the core-shell dumbbell-shaped microgels with 
polymeric dumbbell-shaped cores and thermosensitive crosslinked PNIPA shell. The core 
particles are prepared via the emulsifier-free seeded emulsion polymerization of polystyrene 
cores onto the surface of poly(methyl methacrylate) (PMMA) seeds.
[88]
 Both ellipsoid-shaped 
and dumbbell-shaped microgels have a core-shell structure with the thermosensitive PNIPA 
shell attached onto the surface of anisotropic cores. Moreover, it is proved that the swelling 
behaviour of the PNIPA shell is not affected by the geometry of their core particles.
[82, 87]
 
Similar to the spherical core-shell microgels, the residual charges of the dumbbell-shaped 
microgels from synthesis can be screened by the addition of salt and thus they can serve as the 
model system of hard dumbbells.
[14]
 However, one drawback of the methods discussed above 
is that it is nearly impossible to produce a large scale of homogeneous dumbbell-shaped 
particles, which is necessary for the application of colloidal dumbbells as a model system.
[88]
 
Moreover, the system prepared by Hoffmann et al. is too polydisperse and does not exhibit 
crystalline phases. 
To our best knowledge, sufficiently monodisperse dumbbell-shaped colloids that can be used 
as model systems have not been reported yet. Here we present the synthetic strategy for 
thermosensitive dumbbell-shaped microgels for the first time that can be used for this 
purpose. The thermosensitive dumbbell-shaped microgels are prepared in two main steps. 
First, uniform dumbbell-shaped cores are prepared in a large scale through the seeded 
polymerization and the phase separation.[55] Second, a crosslinked PNIPA shell is attached 
onto to the surface of dumbbell-shaped core particles via the seeded emulsion 
polymerization.
[10]
 A scheme of the core-shell dumbbell-shaped microgels is displayed in 
Figure 1.3.1a. The residual charges left from the synthesis is screened by the addition of KCl 
salt. The thermosensitive PNIPA shell provides an excellent steric stabilization.
[29]
 As shown 
schematically in Figure 1.2.4, the transition of hard dumbbells from fluid-to-solid (crystalline 
or glassy) state can be easily realized through adjusting temperature. Thus, dumbbell-shaped 
microgels turn out to be an excellent model system that allows us to study the phase 
behaviour and dynamics of hard dumbbells in concentrated suspensions.  




Figure 1.3.1 (a) Scheme of dumbbell-shaped microgels that can serve as the hard dumbbell model system. The 
residual charges from the synthesis is screened by the addition of salt (potassium chloride, KCl), resulting in 
sterically stabilized hard dumbbells. The diameter of one sphere is marked as D, center to center distance is L, 
the thickness of PNIPA shell is LH. For the dumbbell-shaped core, the radius of one composed sphere is denoted 
as RC. (b) Schematic illustration of thermosensitive Janus dumbbells that are prepared via the selective removal 
of THF using the dumbbell-shaped microgels as templates. The thermosensitive Janus dumbbells with well-
defined morphology can also be used as the model system of hard dumbbells, which may have different phase 
behaviour from hard dumbbells with solid cores.  
Moreover, the dumbbell-shaped microgels can be used as templates for the fabrication of 
thermosensitive hollow Janus dumbbells by the selective removal of PS cores with 
tetrahydrofuran (THF).[89] Such hollow particles shown schematically in Fig. 1.3.1b can also 
serve as a model system, which may have different phase behaviour from that of hard 
dumbbell with solid cores. As non-spherical capsules, hollow Janus dumbbells have potential 
applications in the fields of catalysts,[90] delivery of encapsulated materials[91-93] and as model 
systems for the study of soft objects like red blood cells in motion.[94]  
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2. Objective of this thesis 
The main objective of this thesis is to study the phase behaviour of hard dumbbells. 
Dumbbell-shaped microgels are applied as hard dumbbell model systems, which consist of a 
dumbbell-shaped PS core and onto which a thermosensitive PNIPA shell is attached. The 
dumbbell-shaped microgels can be further used as templates to prepare thermosensitive 
hollow Janus dumbbells by the selective removal of PS cores. The main interest of this study 
is to investigate the phase diagram and crystallizations of hard dumbbells in concentrated 
suspensions. The investigation on hard dumbbells in concentrated suspensions is carried out 
as following: 
 The first part of this work focuses on the synthesis of hard dumbbell model systems. 
The morphology of the hard dumbbells is characterized by methods of TEM and 
cryo-/TEM.  
 To characterize the thermo-sensitivity of the hard dumbbells, DLS and DDLS 
experiments are performed at various temperatures. The translational and rotational 
diffusion coefficients are obtained through the CONTIN analysis. Combined with the 
shell model, the dimensional information including L and D is calculated.  
 The next part of this thesis aims at exploring the phase behaviour of hard dumbbells. 
Phase diagrams of hard dumbbells are determined by crystallization experiments, 
which are performed on dumbbell-shaped microgels with L* ~ 0.24 and L* ~ 0.30, 
respectively. This study presents the first time the experimental phase diagrams of 
hard dumbbells with small anisotropy (L* < 0.4). Rheological measurements are 
carried out to investigate the crystallization and viscoelastic properties of hard 
dumbbell suspensions.  
  Small angle neutron scattering (SANS) combined with shear is applied to measure 
the equilibrium structure of the plastic crystal at rest and its structural evaluation 
under oscillatory shear. The experimental results are compared with theoretical 
calculations of the sheared dumbbells based on Brownian dynamic simulations to 
interpret the underlying dynamics.  
 Additionally, the effect of L* on the phase behaviour of hard dumbbells are 
investigated. A comparison is made between the experimental findings of hard 
dumbbells with L* ~ 0.24 and L* ~ 0.30.  
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 Finally, the study is extended to the preparation of theromosensitive hollow Janus 
dumbbells in order to get another hard dumbbell model system with the hollow 
structure. The synthetic strategy begins with the preparation of monolayer and bilayer 
thermosensitive hollow spherical capsules. A comprehensive characterization is 
performed to characterize the morphology and dimensional information of these 




3. Theory  
3.1 Hard dumbbell model system  
3.1.1 Thermosensitive microgels  
Recently, thermosensitive colloidal microgels[7, 95-96] have been intensively studied as a sphere 
model system to study crystallization[95, 97-98] or glass transition[19, 34] in the colloidal systems. 
Most of these systems have been prepared based on cross-linked poly (N-
isopropylacrylamide) (PNIPA) or its related copolymers.[19, 95, 99-100] The interaction potential 
plays an important role in the formation of crystallization or glassy state in the colloidal 
system, which can be controlled by varying the crosslinking degree from soft-polymer-like to 
hard sphere-like.[7, 98] The work reported on the spherical microgels demonstrates that the 
thermosensitive microgels that consist of solid polystyrene (PS) spheres as core and 
crosslinked PNIPA as shell can serves as an ideal model system of hard spheres.[19, 35, 99] Using 
this model system, the dynamics of concentrated suspensions have been investigated and the 
experimental data are fully compatible with the prediction of mode coupling theory (MCT).[34, 
44]
 
In this thesis, the thermosensitive dumbbell-shaped microgels with dumbbell-shaped PS 
particles as cores and crosslinked thermosensitive PNIPA as shell are applied as the model 
system of hard dumbbells. The dumbbell-shaped microgels have several advantages that make 
them well-suited to be used as the hard dumbbell model systems. First, the thermosensitive 
PNIPA shells enhance the stability of these dumbbell-shaped microgels, especially in the 
concentrated state. The possible residual charges that are attached onto the surface of PS cores 
from the synthesis can be screened by the addition of salt. The work reported on the 
respective hard spheres indicates that 0.05 M KCl is enough to screen the electrostatic 
interactions.[14] Thus, the dumbbell-shaped microgels are stabilized by a purely steric 
interaction. 
Next, the PNIPA shell shows a volume transition as a function of temperature.[28, 31, 101] In case 
of the non-spherical microgels, the thermosensitivity of the attached PNIPA shell is proved 
not to be affected by the geometry of their core particles.[82, 87] Figure 3.1.1 illustrates the 
thermoresponsive property of the dumbbell-shaped microgels used in this work in a schematic 
manner. At room temperature (ca. 25 °C), the water solution that disperses dumbbell-shaped 
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microgels can swell the PNIPA shell due to the formation of relatively strong hydrogen bonds 
between the already arranged water molecules and the PNIPA polymers.[36, 74] The water 
molecules must reorient around the nonpolar regions of PNIPA, which results in a decreased 
entropy. However, these hydrogen bonds become weaker when the temperature is increased 
above ca. 32 °C (LCST for PNIPA[36]). Instead, the intermolecular hydrogen bonds and 
nonpolar bonds are formed, resulting in the association of polymer molecules.[102-103] 
Therefore, PNIPA undergoes a phase separation due to the entropy effect and expels most of 
the dispersed medium (water).[76] With an increase in temperature, the solvent quality is thus 
changed from good to poor and the PNIPA shell of the dumbbell-shaped microgels must 
shrinks. Since the shrinking of PNIPA is fully reversible,[36] the shrunk PNIPA network can be 
re-swollen again by decreasing the temperature from 32 °C to 25 °C.[102, 104] Consequently, the 
effective volume fraction of the dumbbell suspensions can be easily adjusted from a moderate 




Figure 3.1.1 Illustration of the thermosensitivity of the dumbbell-shaped core-shell microgel, which consists of a 
dumbbell-shaped PS core and a thermosensitive PNIPA shell. The morphology of the core is proved not to 
change the temperature dependence of the PNIPA shell.[82]  
Third, the aspect ratio, L*, that is, the ratio of center to center distance to the diameter of one 
sphere can be also adjusted via the thermosensitive PNIPA shell. Thus, the dumbbell-shaped 
microgels can be applied as the model system to study the phase behaviour of hard dumbbells 
as a function of  and L*.  
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As discussed above, the thermosensitive dumbbell-shaped microgels are suitable to be applied 
as a model system. Nevertheless, it is necessary to point out that the crosslinking density of 
the PNIPA shell plays an important role in the rheological properties. The variation of 
crosslinking density can change the interaction potential of the particles and lead to different 
swelling ratios.[43, 107] However, owing to the hard PS core and a high degree crosslinking of 
the PNIPA shell, the dumbbell-shaped microgels with solid PS cores can be regarded as the 
hard dumbbell model system.   
In order to characterize the core-shell microgels, several techniques are commonly used, 
including cryo-transmission electron microscopy (cryo-TEM),[28, 32, 108] small angle neutron 
scattering (SANS)[101, 109-110], small angle X-ray scattering (SAXS)[111] and light scattering.[112-
113] Cryo-TEM can provide the direct proof on the core-shell morphology of microgels in situ 
via shock freezing of the diluted microgels suspension.[108] SAXS and SANS experiments can 
provide the analysis of the fine structure of the microgels.[111] Dynamic light scattering 
techniques are suitable to study the size of the colloidal microgels based on their Brownian 
motions.[109, 114] Due to the anisotropic morphology, depolarized dynamic light scattering 
(DDLS) measurements are necessary to characterize the dimensional information of the 
dumbbell-shaped microgels.[88] The theory about the Brownian motion and DDLS 
measurements of hard dumbbells will be discussed in detail in the following sections.  
3.1.2  Brownian motion of hard dumbbells 
The discovery of Brownian motion is attributed to Robert Brown who observed the random 
motion of small particles dispersed in water.[115] Based on Einstein’s approach,[116] much work 
has been done to develop mathematical pathways for the description of Brownian motion.[115, 





  , (3.1.1) 
with D0 is the diffusion coefficient, a is the radius of the spherical particle, is the viscosity 
of the fluid, k is Boltzmann constant, and T is temperature. 
For the anisotropic system, F. Perrin[118-119] firstly showed that the anisotropy of particles can 
lead to a dissipative coupling of translational and rotational motion. The orientation of one 
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Figure 3.1.2 Orientation of one single dumbbell particle with respect to Cartesian coordinate system with its 
origin at the center of the particle. The solid red line is along the major axis of the particle and u is defined as the 
unit vector along the major axis. The dashed line represents the projection of the hard dumbbells on the x-y 
plane. tracks the position of the projected end point on the x-y plane.  
In a liquid, hard dumbbells are expected to suffer many reorienting collisions per second. 
Collisions are assumed to be so frequent in a liquid that a molecule can only rotate through a 
very small angle before suffering a reorienting collision. Based on this assumption, Debye has 
developed a model (Debye model) for the reorientation processes.[120],[121] Combined with the 















] 𝑐(𝒖, 𝑡), (3.1.2) 
where the unit vector 𝒖 directed along the major axis specifies the orientation of a dumbbell. 
𝑐(𝒖, 𝑡)  is the concentration of dumbbells with orientation 𝒖  at time t.  𝛩  is called as the 
rotational diffusion coefficient. For a symmetric diffusor 𝛩𝑋𝑋 =   𝛩𝑌𝑌 =  Θ⊥ and 𝛩𝑍𝑍 = Θ∥; 
and for a spherical diffusor 𝛩𝑋𝑋 =   𝛩𝑌𝑌 = 𝛩𝑍𝑍 =  𝛩.
[122]
 
Light scattering is an important tool to characterize the Brownian motion of colloidal particles 
in a fluid.[13] The basic principles and theories of light scattering will be discussed in detail in 
Chapter 3.2.  
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3.2 Dynamic light scattering 
In a light-scattering experiment as schematically shown in Figure 3.2.1, the light from a laser 
firstly passes through a polarizer, defining the polarization of the incident beam. The 
polarized beam then impinges on the scattering medium and gets scattered in all directions. 
Only the scattered light of wave vectors qs will pass through an analyzer with a given 
polarization and be recorded by the detector. The analyzer is set to filter the scattered light 
according to the given polarization. The scattering angle  is defined according to the position 
of the detector. The intersection of the incident beam and the beam intercepted by the detector 
defines the scattering volume V.  
 
 
Figure 3.2.1 The light scattering setup with two pairs of commonly used polarization directions. Scattering 
geometry I: VV configuration with a polarizer of the vertical direction and an analyzer of the vertical direction. 
Scattering geometry II: VH configuration with a polarizer of the vertical direction and an analyzer of the 
horizontal direction. V and H refer to directions that are vertical and horizontal with respect to the scattering 
plane, respectively.  
3.2.1  Dynamic light scattering  
In Figure 3.2.1 a monochromatic laser beam impinges on a sample and the scattered light is 
recorded by a detector placed at a scattering angle of  with respect to the transmitted beam. 
Because of thermal motions, the total scattered electric field at the detector fluctuates in 
time.[122] In case of the colloidal dispersions,[13] it is the Brownian motions of the colloidal 
particles that cause the fluctuations of scattered light from the dispersions. The autocorrelation 
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function of these fluctuating intensities furnishes the information about the diffusion 
coefficient in suspensions and solutions. The scattering vector q in terms of the scattering 
geometry is defined as 








with n as the refractive index and  as the incident laser wavelength. q is dependent on the 
relative positions of particles. 𝒒𝒊 and 𝒒𝒔  denote the incoming beam and scattered beam, 
respectively.  
For a dilute suspension of monodisperse spherical particles, the autocorrelation function can 
be written as 
𝐹𝑠(𝒒, 𝜏) = exp(−Γ𝜏) , with  Γ =  𝑞
2𝐷0, (3.2.2) 
where  is a time interval, which is very small compared to the time that refers to fluctuations 
in the scattering volume V. Thus, the diffusion coefficient of particles can be obtained from 
the autocorrelation function. The hydrodynamic radius of an isolated sphere can be calculated 
based on the Stokes-Einstein equation as described in Eq. (3.1.1).  
3.2.2 Depolarized dynamic light scattering  
In the depolarized dynamic light scattering (DDLS) measurement, geometry II described in 
Figure 3.2.1 has been applied. The polarized component, IVV or depolarized component, IVH 
can be resulted from geometry II, where polarizers and analyzers select out the corresponding 






𝑎 (𝒒, 𝑡) =< 𝑁 >< 𝑎𝑧𝑧(0)𝑎𝑧𝑧(𝑡) > 𝐹𝑠(𝒒, 𝑡) , 
and                                                                                                                                    
𝐼𝑉𝐻




where 𝑎 is a polarizability tensor. The correlation function  < 𝑎𝑦𝑧(0)𝑎𝑦𝑧(𝑡) > involves the 
polarizability sensor in the laboratory fixed coordinate system, and 𝑎𝑦𝑧(𝑡) changes with time 
due to the reorientation. 𝐹𝑠(𝒒, 𝑡)  is the ‘translational’ factor that depends on q. The 
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components are normally determined by the optical anisotropy of scattering centers (for 
example, particles or molecules or parts of molecules) in the scattering medium.  
The time correlation function measured by DDLS experiments with Geometry II (see Figure 
3.2.1) consists of two main parts. One part refers to the correlations in both orientation and 
position between all pairs of molecules. The other one includes information on the dynamic 
coupling between translation and rotation of a single scattering element. In a dilute solution, 
the correlations in both orientation and position between all pairs of molecules, however, can 
be neglected. For the system contains a rotation axis of fourfold symmetry or higher (for 
example, symmetric molecules, rod-shaped molecule, ellipsoids of revolution), the correlation 
function is [122] 
𝐼𝑉𝐻
𝑎  (𝑞, 𝑡) =
1
15
< 𝑁 > 𝛽2exp [−(𝑞2𝐷 + 6Θ⊥)|𝑡|], (3.2.4) 
where N is the number of molecules or particles in the scattering volume, 𝛽 refers to the 
optical anisotropy of a molecule (𝛽 = 0 in case of spheres). 
3.2.3 Hydrodynamic modeling (shell model) 
As discussed above, DLS and DDLS can be applied to characterize both translational and 
rotational motion of anisotropic particles, which are described by translational diffusion (DT) 
and rotational diffusion (DR) respectively. Given both DT and DR, the dimensional information 
of anisotropic particles with various geometries (e.g. rods[123] and double spheres[124]) can be 
calculated.[88] But the calculation of the rotational diffusion requires proper models to 
simulate the hydrodynamics of a single anisotropic particle. Within the framework of the 
Kirkwood-Riseman theory,[125-126] a bead model has been firstly proposed for simple model 
systems that are composed of identical elements.[127] Concerning the hydrodynamic 
interactions, Bloomfield et al. proposed a shell model[128] as an alternative for bead modeling 
based on the assumption that the hydrodynamic resistance only takes place on the surface of 
particles. In the shell model, a particle can be modeled as a shell of small, identical beads .[129-
130] To calculate the dimensional information of hard dumbbells in this thesis, the shell model 
is introduced [124, 131] and the corresponding two dimensional schematic figure is shown in 
Figure 3.2.2. The corresponding theoretical calculation has been done by Nils Heptner.[132]  




Figure 3.2.2 Two-dimensional analogy of the shell model for a hard dumbbell, which is seen as a shell of small 
identical beads (denoted by the small empty cycles). There are three possibilities to arrange the small beads: 
tangent to the inner face of the surface, centered on the surface or tangent to the outer surface (our choice). 
Owing to the limit of very small bead size, the small difference between these possibilities can vanish.   
A large number of discrete minibeads are used to represent the surface of the colloidal 
dumbbell where the friction is assumed to take place. By extrapolating to zero minibead size 
to an infinite number of beads, the hydrodynamic properties can be calculated accurately. 
Based on the generalized Einstein tensorial equation  𝒟 = 𝑘𝑇Ξ−1 ,[133] the basic relation 
governing the frictional and Brownian behaviour of a rigid dumbbell can be written as  














In Eq. (3.2.5), the superscript T refers to transposition. The left side of the equation is the 
Brownian diffusivity expressed by a generalized, 6*6 diffusion matrix, 𝒟. The hydrodynamic 
resistance is on the right side, which is displayed by a 6*6 generalized friction tensor,  Ξ. 𝒟 on 
the left side and Ξ on the right side are related through the general Einstein equation. Both 
matrixes are composed of 3*3 blocks, which correspond to the translation (tt), rotation (rr) 
and translation rotation coupling (tr) tensors, respectively. In the dilute suspensions, the 
translation and rotation coupling can be ignored. In other words, 𝐃𝐭𝐫 = 0 and Ξtr = 0. 
The hydrodynamic interactions of hard dumbbells are described by means of the Oseen 
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where 𝛪 is the unit tensor, 𝒓𝒊𝒋 is the distance vector between elements i and j and  𝒓𝒊𝒋𝒓𝒊𝒋 is the 
dyadic product of vector 𝒓𝒊𝒋.   
In the shell model for a single rigid dumbbell, three axes are defined: one is parallel to the 
major axis and the other two are perpendicular to each other in the center plane. The entries of 
diffusion tensors related to the translational motion along each axis are numerically calculated 
from the tt block and averaged, leading to the mean translational diffusion constant DT. 
Similarly, the relaxation times are calculated from 𝑫𝒓𝒓 tensors, resulting in DR. The relaxation 
time resulted from the DDLS measurement characterizes rotational dynamics of a dumbbell 
particle. DT that refers to the translational motion of dumbbells can be obtained by the DLS 
measurement. Based on the method described above, dimensions of the dumbbells are 
calculated by the public-domain HYDROSUB 7c program[135] from the DLS and DDLS 
measurements.[132] 
3.3 Rheology and small angle neutron scattering (SANS) 
3.3.1 Rheology  
Rheology is defined as the science of the deformation and the flow of matter.[136] The basic 





Figure 3.3.1 Shear flow between sliding (upper) and fixed (bottom) plates with a distance of h in between, and 
the upper plate moves with a velocity in V direction. A liquid is contained between the two parallel plates.  
We begin with the simple flow conditions as shown in Figure 3.3.1. The upper plate slides 
with velocity V in the x direction, while the bottom plate is stationary. Given that velocities 
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The local velocities v
x
 vary linearly along the gradient direction (y direction shown in Figure 
3.3.1). The velocity of liquid layers near each plane is assumed to be the same as that in the 
plane. The gradient 
𝑑𝑣𝑥
𝑑𝑦






=  ?̇?  =constant, (3.3.1) 
A force 𝑭 𝒙𝒚 is applied onto the upper plate to generate the flow. The index x in this case 
indicates the direction of the applied force, and y specifies the plane to which the force is 
applied in terms of the normal to the plane. The force required to move the top plate at a 
velocity V is proportional to the surface area of the plate, stress or the force per unit area, 𝝈𝒙𝒚. 




 or shear rate is the parameter in this case to determine the level of the 
internal stresses. For Newtonian fluids, the Newton’s constitutive equation for the viscosity 








The proportionality constant 𝜂 is the viscosity coefficient, and represents the resistance to 
flow in Newtonian fluids. Newton’s law is the simplest example of a rheological constitutive 
equation. To solve various flow problems, it must be combined with the conservation laws for 
mass, momentum and energy.[138] 
Oscillatory shear flow can be studied in the same flow geometry as that for the steady shear 
flow shown in Figure 3.3.2. The upper plate executes a sinusoidal motion expressed by 
𝑥𝑝(𝑡) =  𝑥𝑝,0𝑠𝑖𝑛𝜔𝑡, in which 𝑥𝑝,0 is the peak displacement. As a result, a time-dependent, 













Figure 3.3.2 Oscillatory shear flow: a time dependent, sinusoidal deformation, 𝜸(𝒕) = 𝜸𝟎𝒔𝒊𝒏𝝎𝒕  (the solid line) 
and the corresponding strain rate ?̇?(𝒕) = ?̇?𝟎𝝎𝒄𝒐𝒔𝝎𝒕 (denoted by the dashed line).  is the phase angle that 
defined by the phase shift between stress and strain.  
In an oscillatory flow, 𝜎 = 𝐺 ∗ 𝛾  is used to describe an elastic sample. The energy of an 
elastic sample is stored during the deformation and then can be totally recovered when the 
deformation is reduced to zero. As for a viscous fluid, 𝜎 = 𝜂?̇?, strain and stress are out of 
phase and all the energy used for the viscous fluid will be totally ‘lost’ and converted to heat. 
As for the viscoelastic material, it can be expressed as [137]  
𝜎(𝑡) =  𝛾0 [𝐺
′(𝜔) sin(𝜔𝑡) + 𝐺′′ cos(𝜔𝑡)], 𝜂 =  
𝐺′′
𝜔




where the storage modulus G’ describes the elastic component of the stress, and the loss 
modulus G’’ represents the viscous part.  is named loss angle, that is, the phase angle 
between stress and strain (tan  = G’’/G’), which determines how much of applied mechanical 
energy is dissipated into heat.   
In the rheology of colloidal suspension, the Péclet number (Pe) is an important parameter to 
describe the strength of the convective motion relative to the diffusive motion of a colloid in 
the sheared dispersion. In the study of transport phenomena in fluid flows, Pe is defined as the 
ratio of the rate of advection of a physical quantity by the flow to the rate of diffusion of the 
same quantity driven by an appropriate gradient. For Brownian hard spheres in the shear flow, 
Pe is defined as the ratio of the rate of advection by the flow to the diffusion rate by Brownian 
motion in a dilute dispersion, 
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where 𝑎2/𝐷0 is the time that is needed for a colloidal particle to diffuse a distance a (the scale 
of its own size) by Brownian motion. 𝐷0 is the diffusivity defined in Eq.(3.1.1).  
The rotational Péclet number, 𝑃𝑒𝑟 is defined for nonspherical particles,
[137] which is the ratio 
of shear rate to the rotary diffusivity 𝐷𝑟. For hard dumbbells used in this work, 𝐷𝑟 can be 
measured by DDLS experiments,  




In an oscillatory shear field, the time dependent strain amplitude and shear rate is given by 
𝛾(𝑡) = 𝛾𝑚𝑎𝑥sin (2𝜋𝑓𝑡), and ?̇?(𝑡) = 𝛾𝑚𝑎𝑥2𝜋𝑓𝑐𝑜𝑠(2𝜋𝑓𝑡), respectively. 𝑃𝑒𝑟 of hard dumbbells 
is defined as 




3.3.2 Small angle neutron scattering 
Small-angle neutrons scattering (SANS) is a diffraction method that is widely used to analyze 
the structure of matter.[139] In SANS experiments, the collimated neutron beam with the 
wavelength is directed at a sample, illuminating the scattering volume V. Some of the 
neutrons are transmitted by the sample, some are absorbed and some are scattered. The 
schematic figure for SANS experiment is similar to that of light scattering as shown in Figure 
3.2.1. A detector is positioned at a certain distance from the sample, and at a scattering angle 
of . The detector records the flux of neutrons scattered into a solid angle element, ΔΩ. The 
scattering intensity scattered by N atoms, 𝐼(𝑞) can be calculated in general terms[139]  
𝐼(𝒒) = |𝐴 (𝒒)|2, 𝐴(𝒒) =  ∫ 𝜌(𝒒)exp (2𝜋𝑖𝒒𝒓)𝒅𝒓 , (3.3.7) 
where 𝐴 (𝒒) is the amplitude of elastic scattering by any assemble containing N atoms, which 
is defined through Fourier-transformation of the potential field, 𝜌(𝒒) and 𝒓𝒊 are the scattering 
lengths distribution and coordinates of the atoms, respectively.  
The value of 𝜌 for a molecule of 𝑖 atoms can be calculated  
𝜌 = ∑ 𝑏𝑖𝑖
𝛿𝑁𝐴
𝑚
= 𝑁 ∙ ∑ 𝑏𝑖𝑖 , 
(3.3.8) 
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where 𝛿 is the bulk density of the molecule, 𝑚 is the relative molar mass, N is the number 
density of scattering centers, and 𝑏𝑖 is the coherent neutron scattering length of nucleus i. 
In practice, neutron scattering can be used to investigate a wide range of substances, including 
poly- and single crystals, metals and alloys, amorphous solids and liquids, synthetic polymers, 
and biological macromolecules. Here we discuss the scattering by objects with different order. 
As for the single crystals with the atomic positions in an unit cell, the scattering amplitude is 
represented by the discrete set 
𝐴(𝒒) = ∑ 𝐹ℎ𝑘𝑙ℎ𝑘𝑙 𝛿(𝒒 − 𝑯ℎ𝑘𝑙), (3.3.9) 
where 𝐹ℎ𝑘𝑙 =  Ω
−1 ∫ 𝜌(𝒓) exp(2𝜋𝑯ℎ𝑘𝑙𝒓) 𝑑𝑟, 𝑯ℎ𝑘𝑙 = ℎ𝒂
∗ + 𝑘𝒃∗ + 𝑙𝒄∗, a, b, and c deterring 
corresponding periodicities along the x, y, z axes, Ω = (𝐚[𝐛𝐜]] is the volume of the unit cell, 
h, k and l are integers.  
In case of isotropic systems, there is no long-range order. Due to the anisotropy of the 
samples, the scattering intensity is also isotropic and the intensity depends on only on the 
magnitude of the scattering vector. Based on the spherical coordinates, the radial Patterson 
function is expressed with the aid of the Fourier transform of the scattering intensity 









This equation leads to certain conclusions as to typical distances between the atoms in liquids 
or gases, the dimensions of clusters or pores in amorphous solids, or the particles dimensions 
in solutions.  
In terms of anisotropic particles, the scattering intensity also includes the orientation 
information.[140-141] In this work, the orientation of hard dumbbell i is denoted by the unit 
vector 𝒖𝑖. The scattered intensity of oriented hard dumbbells is calculated
[142] including the 
scattering amplitude 𝐴(𝒒; 𝒖𝑖) of a uniaxial particle with orientation 𝒖𝑖 
𝐼(𝑞) ∝ ⟨∑ 𝐴(𝒒; 𝒖𝑖)𝐴(𝒒; 𝒖𝑗)𝑗,𝑖 𝑒
−𝑖𝑞(𝒓𝒊−𝑟𝑗)⟩, (3.3.11) 
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3.3.3 Rheo-SANS  
As discussed above, there is considerable scientific interest to understand the fluid structural 
reorganization as a result of flow or shear[143] The combination of the shear flow and small 
angle neutron scattering (rheo-SANS) is suitable to investigate the shear phenomenon of 
different systems,[143] such as shear hardening of hydrogels,[144-145] shear thinning of 
polymer/nanoclay systems, [146] and shear-induced order of colloids.[147] 
 
 
Figure 3.3.3 (a) Schematic illustration of the rheo-SANS setup with the commonly used Couette flow cell.  
and denote the angular frequency and the strain of the oscillatory shear applied by the rheometer, respectively. 
The coordinate frame with velocity(v), velocity gradient (▽v)and vorticity (e) directions is defined to describe 
the scattering planes for available geometries.[143] They are: (b) radial, (c) tangential and (d) e- ▽v plane flow 
cell geometries that allow for scattering in e-v, e-▽v, ▽v -v planes, respectively.  
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In the rheo-SANS experiments, the Couette cell is one commonly used geometry. As 
schematically shown in Figure 3.3.3a, the Couette cell is made up of a cup–bob geometry in 
which either the cup or the bob is fixed while the other rotates. The coordinate system is used 
to describe the scattering geometry and the shear flow for the particular case of rotational 
Couette flow with definitions of flow or velocity (v), velocity gradient (▽v) and vorticity (e) 
directions. There are three accessible configurations for the Couette cell with the incident 
beam normal to the velocity–vorticity (e-v) plane, the vorticity–velocity gradient (e-▽v) plane 
or the velocity gradient-velocity (▽v–v) plane, respectively.[148] In this work, the Couette cell 
is applied with a fixed cup and a bob that can rotate to impose shear. The velocity-vorticity 
plane is the measured scattering plane with the incident beam along the velocity gradient 
direction as shown in Figure 3.3.3b.  
3.4 Crystallization of colloids under shear 
Recently, colloidal crystals formed from organized colloids have attracted substantial 
interest.[97, 149-150] The scattering techniques can be used to explore the microstructures of the 
concentrated colloids in equilibrium.[151] As discussed in section 3.3, the application of 
rheology to scattering techniques can provide access to the investigation on the non-
equilibrium microstructures of colloidal crystals under shear.[151-154] Two dimensional 
hexagonal close-packed (2D hcp) layers are found to form from sheared colloidal crystals and 
get arranged to minimize the resistance against the flow.[153, 155-156]  
Ackerson et al.[152] performed a comprehensive study of shear induced orders of hard sphere 
suspensions by light scattering. It is observed that four basic structures are formed from the 
sheared hard spheres. The corresponding scattering patterns are shown in Figure 3.4.1. First, 
the shear-induced fcc twin structure is shown in Figure 3.4.1a and b, indicating by an 
underlying threefold symmetry in the ordering of particles. Second, Figure 3.4.1c and d 
display the scattering patterns for the sliding layers, the scattering spots of which are rotated 
by 30° with respect to that of the fcc structure. Third, Figure 3.4.1e demonstrates the string 
structures, which is correlated with shear thinning behaviour.[157-159] The scattering pattern in 
Figure 3.4.1f shows a diffuse Debye-Scherrer ring for an equilibrium sample without the 
preferred orientation but a preferred separation between particles.  
 




Figure 3.4.1 Observed scattered intensity distributions of hard spheres undergoing oscillatory shear flow. The 
incident laser beam is parallel to the velocity gradient direction. (a) Threefold pattern produced by a fcc 
structure, (b) and its fcc twin structure, (c) sixfold pattern produced by a registered random stacking of layers, (d) 
fourfold pattern produced by a centering of slipping layers over the other, (e) scattering pattern by the string-like 
ordering, (f)scattering pattern with a diffuse Debye-Scherrer ring by the amorphous or liquid-like ordering.[152]  
The transition between these four different ordered structures depends on both volume 
fractions of samples and shear conditions. The geometric packing model [153, 160] in section 
3.4.1 is used to elucidate the shear-induced structural evaluation of hard spheres. Section 3.4.2 
presents the model calculation proposed by Ackerson et al. [155, 161] for the interpretation of 
scattering patterns of the sheared structures. In section 3.4.3, Brownian dynamics simulations 
are discussed, which have been performed on sheared hard spheres recently by the group of 
van Blaaderen.[156] The results of Brownian dynamics simulations are in a good agreement 
with the experiment results.  
3.4.1 Geometric packing model 
At low strain (max < 1), hard spheres under shear order into two oscillating fcc twins shown in 
Figure 3.4.1a and b and the corresponding geometric packing is shown in Figure 3.4.2a and b, 
respectively.[152] It is indicated that the (111) lattice plane lies in the velocity-vorticity plane, 
and is mostly close packed along the vorticity direction. To form an fcc structure, the (111) 
planes must be stacked upon one another in a particular sequence. When one plane is placed 
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on another, there are two choices for registrations as shown by the triangle voids in Figure 
3.4.2a and b. Having chosen one of the sites for the registration, to form an fcc structure, the 
particles in the next added layer must lie over the interstices of the two layers below (ABC or 
ACB ordering). At low strain, a particle in one layer oscillates between the two adjacent 
triangle voids in neighbouring  layers.[152] This motion is assumed to minimize the stress 
caused by collisions with other particles during the shear.[156] The corresponding scattering 
pattern are shown in Figure 3.4.1a and b, which were obtained by light scattering.[152] With an 
increase in shear strains (max > 1), the ordered structure is reorganized to allow a more 
extensive motion of a particle in the flow direction. The shear-induced hexagonal planes are 
aligned with a close packed direction parallel to the velocity axis shown in Figure 3.4.2c and 
d. The corresponding scattering patterns are shown in Figure 3.4.1c and d, respectively. The 
geometric packing shown in Figure 3.4.2c indicates that the particles in layers are registered 
in triangular voids for 0.58 < which are similar to the case of the twinned fcc 
structure. The layers in the applied shear flows can still slip over each other but along a zig-
zag path. This microstructure is referred to as registered random stacked layers.[152] However, 
the oriented layers under high strain are found to slip freely over one another along straight 
lines up to  = 0.58 as shown in Figure 3.4.2d.[160] The microstructure for this case is referred 
to as freely slipping layers.[152]   
Hence, the transition from twinned fcc structure to the sliding layers can be induced by the 
increasing shear strain. The geometric packing model indicates that the most densely packed 
axis of the twinned fcc structure at low strain is along the vorticity direction. However, the 
shear-induced hexagonal plane is most densely packed along the velocity direction at high 
strain. The transition can be evidenced by a 30° shift of their corresponding scattering 
patterns.   
The further increase of shear strain induces a string-like structure, and the scattering pattern is 
shown in Figure 3.4.1e, which is similar to that for the sliding layers in Figure 3.4.1d. 
However, the intensity maxima with decreased intensity along the velocity direction reveals a 
smearing out along the vorticity direction. It indicates a one-dimensional structure as shown 
in Figure 3.4.2e. The string-like structure is aligned to the velocity direction, which is resulted 
from the broken up of the sliding layers as shown in Figure 3.4.2d.   




Figure 3.4.2 Geometric packing of hard spheres at low and high strains, corresponding to the shear-induced 
twinned fcc structure and the sliding layer phase. (a) and (b) refer to the twin structures having the characteristic 
…ABCA…stacking sequence. Registered randomly stacked layers having no characteristic…ACAB…stacking 
order. The layers may slip over one another along the zig-zag path as indicated in (c) or along the straight lines as 
marked in (d). (e) String-like ordering where the layers become disordered but regular spacing of particles along 
the velocity direction persists. (f) Amorphous or liquid-like equilibrium ordering indicating the distortion of the 
isotropic equilibrium order when a shear flow is not present.[152]  
In Figure 3.4.1f, the scattering pattern from an equilibrium sample is shown with the liquid-
like or amorphous glassy ordering. The diffuse Debye-Scherrer ring indicates that there is no 
preferred orientation in an equilibrium sample but a preferred separation between particles. 
The applied shear tends to distort the structure as shown in Figure 3.4.2f since the average 
distance among particles decreases along the dense packing axis.[162] 
3.4.2 Model calculation  
The scattering technique is a helpful tool to clarify the structural information of shear-induced 
structures. Ackerson et al.[161] carried out the model calculation for the interpretation of 
scattering patterns that correspond to different shear-induced structures as described in Figure 
3.4.1. The coordinate system is firstly defined (see Figure 3.3.3b) to analyze hexagonal 
patterns observed in the velocity-vorticity plane. Two axis are fixed based on the flow 
direction (v) and the gradient direction (▽v), and the third axis is defined along the vorticity 
direction (e). The unit vectors along the flow direction and the vorticity directions are defined 
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as ?̂? and ?̂?, respectively. A two dimensional basis for the hcp layers in the velocity-vorticity 
plane is given by[161] 




where d denotes the nearest-neighbour distance (the lattice constant). The reciprocal basis is 
determined by the conditions: 𝒌𝒂 ∙ 𝒂 = 𝒌𝒃 ∙ 𝒃 = 2π and 𝒌𝒂 ∙ 𝒃 = 𝒌𝒃 ∙ 𝒂 = 0. If the k space 
unit vectors in flow, gradient, and vorticity direction are denoted by ?̂?𝒗 , ?̂?𝜵  and ?̂?𝒆 , 















The locations of the peaks (denoted by qi) are expressed by the linear combination of these 
two basic vectors,  
𝑞𝑖 = 𝑚𝒌𝒂 + 𝑛𝒌𝒃, m, n =…, -2, -1, 0, 1,2 (3.4.3) 
Thus, the peak positions should be located at qi/q0 ratio1: √3: 2: √7: 3: √12. Based on the 
model calculation brought up by Ackerson et al.,[161] the scattering corresponding to the 
hexagonal layers stacked as shown in Figure 3.4.2a-d has been calculated by Nils Heptner.[132] 
Figure 3.4.3 displays the calculation results for the twinned fcc structures (a), the sliding 






Figure 3.4.3 Juxtaposition of the main predictions of the stacking model calculations. The relative intensity of 
the spots of the three innermost rings in the 𝒌𝒗 -𝒌𝒆 plane is indicated analogously to contour plots of real 
scattering data: (a) corresponds to random registered scattering (highly twinned fcc crystal); The sliding layers 
performing motion along zig-zag paths (b) for 0.58 < or straight lines(c) at  .[132] 
a) b) c) 
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As discussed in section 3.4.1, the hexagonal layers in the twinned fcc structure either are 
stacked in ABCABCA… sequence or its twin sequence. Based on these two stacking 
sequences, the scattering patterns are calculated as shown in Figure 3.4.3a for the highly 
twinned fcc structure. The six-fold scattering in Figure 3.4.3b corresponds to the registered 
random stacked layers as discussed above, where the hexagonal layers move along zig-zag 
paths due to the registration of neighbouring  layers for 0.58 < (see Figure 3.4.2c). 
However, freely slipping layers for  up to 0.58 are predicted to form, producing a four-fold 
scattering (Figure 3.4.3c). For this case, the layers slip over each other freely without 
collisions of particles as shown in Figure 3.4.2d. The centering of freely slipping layers results 
in the four-fold scattering with reduced magnitude of the intensity maxima in the vorticity 
direction (Figure 3.4.3c). Even though the form factor is not included in these simulation 
scatterings, a comparison of scattering intensities between the members of the same ring can 
still give insight into the preferred stacking sequence.  
3.4.3 Dynamics of sheared hard dumbbells 
The group of van Blaaderen[156] recently investigated the non-equilibrium phase behaviour of 
colloidal spheres in real-space with experiments by the combination of shear and confocal 
microscopy. Brownian dynamics (BD) computer simulations were performed to explore the 
underlying dynamics.[156] Four oscillatory shear induced phases have been experimentally 
observed in the velocity-vorticity plane, which are in a good agreement with the simulation 
results. Three of them correspond to the results of existing light scattering experiments.[152] 
The three phases are an oscillating twinned fcc phase, a sliding layer phase and a string phase.  
In this work, we compare our experiment results with that of the BD simulations that have 
been performed by Nils Heptner[132] to explore the dynamics of sheared hard dumbbells. For 
non-spherical Brownian particles, orientations of the particles must be included since 
translational motion and rotational motion are coupled. The motions of hard dumbbells are 
described by the Smoluchowski equation,[163]  
𝜕
𝜕𝑡
𝑃(𝒓𝟏, … , 𝒓𝑵, ?̂?1, … , ?̂?𝑁 , 𝑡) =  ?̂?𝑆𝑃(𝒓𝟏, … , 𝒓𝑵, ?̂?1, … , ?̂?𝑁 , 𝑡), 
(3.4.4) 
where (𝒓𝟏, … , 𝒓𝑵, ?̂?1, … , ?̂?𝑁) is a stochastic variable X, ?̂?𝑆 is the Smoluchowski operator. The 
position and orientation of hard dumbbells are characterized by single unit vector r and ?̂? (the 
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direction of which is along the major axis, see Figure 3.1.2), respectively. The probability 
density function of X is denoted as P(X, t), which is a function of time in general.  
More details related with the BD simulations on the sheared hard dumbbells are descried in 
the work of Heptner et al.[132] For the structural analysis, the orientation of hard dumbbells is 
described by the nematic order parameter as given by Allen et al.[164] The nematic order 












𝟏)𝑁𝑖=1  , (3.4.5) 
𝒖𝒊𝒖𝒊  denotes the hyadic product of the orientation vectors of particle i. In this work, the 
sheared dumbbells are investigated in the vorticity-velocity plane as shown in Figure 3.3.3. 
The calculated orientations are only limited to the direction along 𝒌𝒆 and 𝒌𝒗. 
To describe the crystalline structure of our sheared dumbbells, the method of bond-
orientational order parameters is applied.[165] The idea of the bond order parameters is to 
capture the symmetry of bond orientations regardless of the bond lengths. A bond is defined 
as the vector joining a pair of neighbouring particles. Based on the spherical harmonics 𝑌𝑙𝑚, 











with l as an integer parameter and m as an integer running from –l to l. The unit vector 𝒓 ̂𝑖𝑗 
connects particle i and one of its nearest neighbours j. 𝑛𝑐(𝑖)  is the number of nearest 
neighbours of particle i.  
To make the order parameters invariant with respect to the rotations of the reference frame, 
the second-order invariants are defined as  







And the third-order invariants are defined as  
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𝑊𝑙 =  ∑ (






where the coefficients (…) are the Wigner 3j symbols. It is standard to define a normalized 
quantity  




The four bond order parameters 𝑄4, 𝑄6, ?̂?4 and ?̂?6 are generally applied to identify different 
crystal structures. For fcc structure, 𝑄4 is 0.19 and ?̂?4 is -0.16, respectively.
[166] In this work, 
we use the bond order parameters 𝑄4 and ?̂?4 to described the crystal structure of the sheared 
hard dumbbells.  
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4. Hard Dumbbells  
4.1 Synthesis and characterization of dumbbell-shaped microgels 
4.1.1 Synthesis  
The dumbbell-shaped microgels used in this work have been prepared in four steps. Figure 
4.1.1 displays the synthesis routine in a schematic fashion.[55] In the first step, polystyrene 
(PS) seeds are synthesized through the conventional emulsion polymerization at 70°C in 
which potassium peroxodisulfate (KPS) is used as the anionic and water soluble initiator and 
sodium dodecyl sulfate (SDS) is used as the emulsifier. Second, a layer of copolymer of 
styrene and 3-(trimethoxysilyl) propyl methacrylate (MPS) is coated onto the surface of 
spherical PS seeds.[167] During this copolymerization, MPS monomer is either copolymerized 
with styrene or the organoalkoxysilane is hydrolyzed into silanetriol molecules and condensed 
into inorganic polysilsesquiloxane networks.[167] Thus, a hybrid copolymer network is 
attached onto the surface of PS spheres which is designed to facilitate the growth of the 
second PS sphere in the next step. Third, the homogeneous dumbbell-shaped core particles are 
prepared using the method of Park et al.,[55] which leads to high yields of monodisperse 
dumbbell-shaped nanoparticles. The dumbbell-shaped PS cores are purified via dialysis for 3 
days against Millipore water. In the final step, a shell of poly (N-isopropylacrylamide) 
(PNIPA) cross-linked by N, N’-methylenebis (acrylamide) (BIS) is coated onto the dumbbell-
shaped PS core particles via a seeded emulsion polymerization.[29] The core-shell microgels 
are purified by ultrafiltration to remove all the possible traces of free polymers and 
redispersed in 50 mM KCl for further experiments. 
 
Figure 4.1.1 Illustration of the preparation routine for the thermosensitive dumbbell-shaped microgels that can 
serve as the hard dumbbell model system in this study. 
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Since the PNIPA shell fabricated in the last step provides an excellent steric stabilization, no 
electrostatic stabilization is necessary and all the possible residue charges can be screened by 
the addition of KCl salt.
[19]
 The dumbbell-shaped microgels dispersed in 50 mM KCl solution 
are entirely sterically stabilized and can be used as the model system of hard dumbbells.  
In this work, the dumbbell-shaped microgels with two different aspect ratios (L*, the ratio of 
center to center distance to the diameter of one composed sphere) have been used as model 
systems. They are the dumbbell-shaped microgels with L* ~ 0.24 (DPM_a) and L* ~ 0.30 
(DPM_b), respectively. An overview is given in Table 4.1.1.  
Table 4.1.1 Dimensional information of the dumbbell-shaped particles used in this study: the DPM_a microgels 
with L* ~ 0.24 and the DPM_b microgels with L* ~ 0.30, and their corresponding dumbbell-shaped cores 
(DPC). The dimensional information displayed here is achieved via DLS and DDLS measurements. 
Note: As defined in Figure 1.3.1, L refers to the centre to centre distance between the two composed spheres, RC 
is the radius of one sphere in the dumbbell-shaped core, LH is the thickness of PNIPA shell and LC* indicates the 
aspect ratio of the corresponding DPC particles.  
4.1.2 Characterization  
TEM and cryo-TEM measurements are performed to investigate the morphology and size 
distribution of the dumbbell-shaped cores. The TEM images in Figure 4.1.2 show that both 
DPC_a and DPC_b particles are homogeneous in both morphology and size. These particles 
are the core particles for the DPM_a microgels and the DPM_b microgels, respectively. The 
dumbbell-shaped PS cores consist of two fused spheres, which are nearly identical in size. 
Based on more than 500 dumbbell-shaped core particles in TEM images, the major axis 
length, l, of the DPC_a core is determined to be 261.0 ±7.9 nm and the radius of one sphere, 




L [nm] RC [nm] LH (T) 




(T: 10 to 20°C) 
DPM_a 105.12 98.80 -1.57*T + 137.39 0.53 0.24 ± 0.01 
DPM_b 93.30 74.90 -1.22 * T + 91.36 0.62 0.30 ± 0.02 




Figure 4.1.2 TEM micrograph of the dumbbell-shaped PS cores (a) DPC_a (b) DPC_b. They are used as seeds 
for the preparation of the DPM_a microgels and the DPM_b microgels, respectively. 
The cryo-TEM image in Figure 4.1.3a demonstrates that the two fused spheres in one 
dumbbell-shaped core particle have different structures: one side is homogeneously spherical 
while the other side is a core-shell sphere. Figure 4.1.3b shows the gray scale profile 
normalized to the background arising from the vitrified water.[108] First, the minimum 
corresponding to the sphere with a core-shell structure (right hand side Figure 4.1.3b) is less 
pronounced than the other side. This difference in the grey scale profile points clearly to a 
difference in compositions. Second, the gray scale profile shows a shoulder at the edge of the 
right hand sphere of the dumbbell-shaped core (marked by the black arrow) indicating a core-
shell structure. The synthesis shown schematically in Figure 4.1.1 leads to a shell of a 
copolymer from styrene and MPS. The cryo-TEM image in Figure 4.1.3a proves that the 
copolymer layer is well-maintained as the shell for its spherical PS seed after the growth of 
the second sphere. Therefore Figure 4.1.3 provides the first direct proof for the Janus-type 















Figure 4.1.3 Cryo-TEM micrograph of a dumbbell-shaped PS core particle, a red line is drawn to indicate the 
major axis direction (a), and the corresponding normalized gray scale profile along the major axis (b), a black 
arrow is used to guide eyes to one shoulder on the right side of the gray profile. A homogeneous shell is observed 
on the core-shell structured part on the right side, which corresponds to the random copolymer of styrene and 
MPS. 
Cryo-TEM measurements are carried out by vitrifying the samples in water to investigate the 
structure of the dumbbell-shaped microgels in situ. The micrographs of the DPM_a microgels 
(Figure 4.1.4a) and the DPM_b microgels (Figure 4.1.4b) reveal that the cross-linked PNIPA 
shell is homogeneously attached to the surface of their corresponding dumbbell-shaped core 
particles. The thickness of PNIPA shell, LH of the DPM_a microgels is determined to 93.1±8.4 
nm at room temperature (T: ca. 25 °C), while LH of the DPM_b microgels is 81.4 ± 9.5 nm. It 
is worth noting that in the TEM images of the dumbbell-shaped core particles (see Figure 
4.1.2) all particles get aligned with the major axis parallel to the surface. However, the cryo-
TEM images exhibit the dumbbell-shaped microgels dispersed in water, where they may show 
all orientations. As marked by dash line circles in Figure 4.1.4, the particles can align with the 
major axis nearly perpendicular to or with a certain angle,  with regard to the direction of the 
electron beam. Moreover, the particles probably also tend to align parallel to the thin water 
layer when the suspensions are distributed on the substrate during the sample preparation. The 
probability of the major axis lying with an angle  is proportional to sin. Therefore the 
particles that appear nearly as spheres (  0) are observed less frequently than particles lying 





















Figure 4.1.4 Cryo-TEM images of the dumbbell-shaped microgels: (a) the DPM_a microgels and (b) the 
DPM_b microgels. The circles of dash line mark the particles with different orientations. The measurements are 
done at room temperature with T ~ 25 °C. 
In the following, DLS and DDLS measurements are performed to characterize dimensional 
information of the well-defined dumbbell-shaped particles. We use the CONTIN-2DP 
software to calculate the relaxation frequencies of different modes from the intensity 
correlation functions. Figure 4.1.5a and c display the relaxation time distribution for the 
DPC_a core and the DPM_a microgels, respectively. The autocorrelation function for both 
suspensions consists of two discrete exponential decays. The peak at smaller relaxation time 
(fast mode) contains information about the rotational relaxation. The peak at larger relaxation 
time (slow mode) is attributed to translation motions. In principle, the slow translational mode 
should be invisible in DDLS experiments.[88, 114] As discussed in Chapter 3, geometry II with a 
polarizer of the vertical direction and an analyzer of the vertical direction (see Figure 3.2.1) is 
used for DDLS measurements. According to Eq. (3.2.3) the correlation function, IVH 
measured by geometry II only contains information related with the rotational relaxation and 
q-dependent part of the translational diffusion (fast mode).[114] However, the limitation of the 
Glan-Thomson polarizer (10-5) and the strong scattering of the particles make the slow 




















Figure 4.1.5 DDLS-relaxation time distributions (CONTIN-plots) of the DPC_a core (a) dispersed  in water at 
20 °C and the DPM_a microgel (c) dispersed in 50mM KCl solution at 25 °C calculated from the intensity 
autocorrelation functions. The corresponding relaxation processes are plotted as a function of the square of the 
scattering vector (q2) for the DPC_a core (b) and the DPM_a microgels (d). The symbols indicate that: DLS 
slow mode (open circle), DDLS slow mode (open triangle) and DDLS fast mode (open square) and the solid 
lines in (b) and (d) are the fitted data according to corresponding modes. 
The calculated relaxation rates  of the DPC_a core and the DPM_a microgel suspensions are 
shown in Figure 4.1.5b and d, respectively, as a function of q2, where the slow relaxation 
mode characterizes the translational motion and the fast relaxation mode is related to the 
rotational motion. As discussed above, the slow DDLS mode (open triangles) can be 
explained by the leakage of the polarizer. As shown in Figure 4.1.5b and d, it is evident that 
this mode is comparable to the slow DLS mode (open circles) within experimental error. 
Based on the principle of dynamic light scattering described in Chapter 3.2, the translation 
diffusion DT and rotational diffusion DR can be calculated as DT = slow / q
2 and DR = (fast -
0.25
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slow ) / 6. slow and fast are identified as slow and fast relaxation rates that are displayed in 
Figure 4.1.5b and d.  
Combined with the shell model[132] (see section 3.2.3), the dimensional information including 
L and RC of the measured DPC cores can be calculated from the resulting D
T and DR. 
However, in case of the DPM microgels, there are only a few data points (open squares) for 
the fast mode as shown in Figure 4.1.5d, which are not sufficient to calculate DR with high 
accuracy. Fortunately, reliable DT of the DPM microgels can be measured from DLS and 
DDLS as listed in Table 4.1.2, and they are comparable to each other with experimental error. 
Based on the shell mode, RH (the hydrodynamic radius as defined in Figure 1.3.1) of the DPM 
microgels can be calculated from DT achieved from DLS and DDLS measurements and L 
from the corresponding DPC particles.  
Table 4.1.2 Characterization of experimental diffusion coefficients DT, measured from both DLS and DDLS 
experiments. DR for the DPC_a and DPC_b cores is measured from DDLS measurements at 20 °C. DR of the 
DPM_a and DPM_b microgles is calculated by the shell model based on DT and L. The calculated dimensional 






-12m2s-1] DR[s-1]  RC/RH[nm] L[nm] 
DPC_a 1.74 ± 0.02 1.67 ± 0.04 77.72 ± 3.09 98.8 105.5 
DPC_b 2.31± 0.01 2.25± 0.02 186.03± 7.07 74.9 93.3 
DPM_a 10 °C 0.62± 0.03 - 6.05 208.8 105.5 
15 °C 0.75± 0.04 - 7.05 204.5 105.5 
20 °C 0.91± 0.01 - 9.65 197.2 105.5 
DPM_b 10 °C 0.84± 0.05 - 14.43 168.53 93.3 
15 °C 0.98± 0.06 - 17.69 158.83 93.3 
20 °C 1.21± 0.03 - 24.12 155.07 93.3 
 
DLS and DDLS measurements are carried out at 20 °C only for dumbbell-shaped core 
particles. The dumbbell-shaped microgels dispersed in water and 50 mM KCl solutions are 
measured at temperatures varying from 10 °C to 40 °C in order to investigate their 
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thermosensitive properties. This in turn leads to the thickness LH (LH = RH – RC) of the 
thermosensitive microgels at various temperatures depicted in Figure 4.1.6. The thicknesses 
LH of microgels in salt-free and 50 mM KCl solutions are comparable within experimental 
error and exhibit the same linear dependence on T below the lower critical solution 
temperature (LCST, 32 °C for PNIPA[102]). This finding is in accord with the one found for 
spherical microgel systems. When temperature is increased above LCST, the dumbbell-shaped 
microgels dispersed in the salt-free solution remain stable while the microgels dispersed in 50 
mM KCl solution aggregate immediately. The PNIPA shells become attractive at temperatures 
above LCST and the lack of electrostatic interactions due to the screening effect of 50 mM 
KCl causes the rapid coagulation as has been shown for spherical microgels.[28, 32] Thus, 50 
mM KCl is enough to screen the electrostatic interactions from possible residual surface 
charges and the dumbbell-shaped microgels dispersed in 50 mM KCl solution are sterically 
stabilized. 
 
Figure 4.1.6 Temperature dependence of LH for the dumbbell-shaped microgels dispersed in salt-free solutions 
(filled triangle) and 50 mM KCl solution (empty triangle) by DLS. The filled square marks LH measured by cryo-
TEM at room temperature (T ~ 25 °C). In the temperature regime from 10 to 22.5 °C, LH was found to decrease 
linearly with temperature (LH = -1.57*T (°C) + 137.39; r
2 = 0.99). The corresponding L* are denoted by filled 
circles. 
Moreover, Figure 4.1.6 displays a comparison of LH obtained by cryo-TEM measurements 
(marked by the blue filled square) and that from DLS and DDLS measurements at room 
temperature (T ~ 25 °C). It is demonstrated that LH from cryo-TEM measurements is 93.1 ± 
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DLS and DDLS measurements and the foregoing analysis of dumbbell-shaped particles 
therefore can provide reliable characterization of L, RC and RH at different temperatures. 
Based on these parameters, the effective volume fraction are calculated according to  







3 , (4.1.1) 
where  and  is the number density.
[49] 
The latter quality which is same 
as number density of the corresponding DPC particles, is determined through the element 
analysis and thermo-gravimetric analysis.  
The aspect ratio L* of the DPM_a microgels is tunable within range from 0.22 to 0.27 by 
adjusting temperatures from 10 °C to 40 °C. In this thesis, all experiments are done below 
LCST (temperature ranging from 10 °C to 20 °C). The corresponding L* of the DPM_a 
microgels in this range is in good approximation set constant at 0.24 ± 0.01. The 
thermosensitivity of the DPM_b microgels is measured as well and the measurement data is 
analyzed following the procedure as described above. The obtained dimensional information 
for the DPM_b microgels is summarized in Table 4.1.1 and Table 4.1.2, and L* of the DPM_b 
microgels is calculated to be 0.30 ± 0.02 within the temperature range from 10 °C to 20 °C. 
In conclusion, nearly monodisperse dumbbell-shaped core-shell microgels have been 
successfully prepared and characterized in this work. The dumbbell-shaped microgels are 
composed of dumbbell-shaped PS core and cross-linked PNIPA shell. The characterization 
including TEM and cryo-TEM demonstrates that the resulting dumbbell-shaped cores and 
microgels are well-defined by morphology and size distribution. Additionally, the dumbbell-
shaped core particles are proved to be of Janus-type with two partially fused spheres, which 
are identical in size but different in structures. One sphere has a core-shell structure, while the 
other one is homogeneously spherical. DLS and DDLS measurements demonstrate that the 
size (LH) and thus the effective volume fraction of the particles can be adjusted by 
temperature. 50 mM KCl solution is proved to be sufficient to screen all possible residual ions 
from the synthesis, and the resulting dumbbell-shaped microgels are steric stabilized. 
Moreover, the anisotropy of dumbbell-shaped mcirogels can be controlled via adjusting the 
PNIPA shell. The DPM_a microgels with L* ~ 0.24 and the DPM_b microgels with L* ~ 0.30 
are prepared to serves as the model system of hard dumbbells. Based on the model system, the 
phase behaviour of hard dumbbells has been investigated in the ensuing sections.  
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4.2 Phase diagram and crystallization of hard dumbbells 
4.2.1 Phase diagram  
The discussion in Chapter 1 indicates that mildly anisotropic systems have a rich phase 
behaviour as a function of L* and 𝜙 .[170] Monte Carlo (MC) studies predict that hard 
dumbbells with a small aspect ratio (L* < 0.40) undergo the fluid to plastic crystal transition 
with a concomitant biphasic gap (see Figure 1.2.2).[52] Therefore the homogeneous dumbbell-
shaped DPM_a microgels with L* ~ 0.24 and the DPM_b microgels with L* ~ 0.30 are 
expected to form a plastic crystal in certain volume fraction range. In order to prove this 
point, the crystallization of hard dumbbell suspensions over a volume fraction region is 
studied to obtain the phase diagram.  
One series of the DPM_a suspensions with weight concentrations ranging from 8.87 wt.-% to 
14.46 wt.-% is prepared and quickly cooled down to 7 °C after an extensive tumbling at 
30 °C. The extensive tumbling at 30 °C is assumed to destroy all possible crystal formed at 
the room temperature and randomize positions of all particles. The corresponding volume 
fraction region of the DPM_a suspensions ranges from 0.41 to 0.67. Following the same 
procedure, a series of the DPM_b suspensions (L* ~ 0.30) of concentrations from 8.58wt.-% 
to 12.19 wt.-% is quickly cooled down to 12 °C to achieve a volume fraction region ranging 
from 0.45 to 0.64. Suspensions of dumbbell-shaped microgels are kept at a fixed temperature 
without any disturbance for more than one month so that crystallizations can occur. The main 
experimental results are summarized in Figure 4.2.1. 
The photographs of the crystallized hard dumbbell suspensions in Figure 4.2.1a and c reveal 
that both DPM_a and DPM_b suspensions crystallize after one month as indicated by their 
Bragg reflections. The fraction of the crystallites is found to be dependent on the 
corresponding overall volume fraction of the dumbbell suspensions. As shown in Figure 
4.2.1a, the percentage of crystals is 18% for the DPM_a suspension with eff  = 0.50 and 77% 
for eff  = 0.54. The fully crystallized region is reached at eff   0.59. Hence, the biphasic gap, 
where the fluid phase coexists with the plastic crystal, is in the approximate range of volume 
fractions from 0.50 to ca. 0.56. As for the DPM_b microgels, suspensions with eff = 0.50 can 
hardly form crystals, the crystal percentage is 70% for the DPM_b suspension with eff = 0.55 
and 96% for eff = 0.57. 



















Figure 4.2.1 a) Crystallization of the DPM_a suspensions with various effective volume fractions (eff = 0.50, 
0.54, 0.59 from left to right) at 7 ± 1 °C and formed crystals are indicated by Bragg reflections (b) the 
corresponding phase diagram based on the visual observation. (c) Direct observation on crystallization of the 
DPM_b suspensions with eff = 0.50, 0.55, 0.57 from left to right, and (d) its corresponding phase diagram. 
Dashed lines in (a) and (c) are used to mark the phase boundaries. The phase diagram achieved based on the 
linear extrapolation is denoted by solid line for the DPM_a suspension with L* ~ 0.24 (b) and the DPM_b 
suspension with L* ~ 0.30 (d).The filled triangles in (b) and (d) indicate the freezing and melting volume 
fractions predicted by the MC simulations
[52]
 for hard dumbbells with L* = 0.24 and 0.30, respectively.  
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Moreover, the crystal fractions formed from hard dumbbells (both the DPM_a suspensions 
and the DPM_b suspensions) in the biphasic gap (where the plastic crystalline phase is in 
equilibrium with the fluid phase) display a linear dependence on the corresponding volume 
fractions. A linear regression is used to estimate the volume fraction for the onset of 
crystallization (freezing point) in the DPM suspensions and the point that the one-phase 
region is reached (melting point). Figure 4.2.1b and d present the phase diagram based on the 
linear regression for the DPM_a and DPM_b suspensions, respectively. It is demonstrated that 
the freezing volume fraction for the DPM_a suspension with L* ~ 0.24 is 0.48 ± 0.03 and the 
melting volume fraction is 0.56 ± 0.02 and that for the DPM_b suspension is 0.52 ± 0.02 and 
0.57 ± 0.03, respectively. The experimental phase diagrams, especially the boundary of the 
biphasic gap, for hard dumbbells with L* = 0.24 ± 0.01 and L* = 0.30 ± 0.02 are comparable 
to the phase boundary predicted by the MC simulations as shown in Figure 4.2.1b and d.[52-53]  
 
Figure 4.2.2 The experimental phase diagram (denoted by the red squares) is compared with the prediction of 
MC simulations (solid black line[52]) for L* = 0.24 and L* = 0.30. The blue line is used to mark the 
corresponding L*. 
Figure 4.2.2 present the experimental phase diagram, which is compared with that of the MC 
simulations for L* < 0.4.[52-53] It indicates that the experimental phase diagram shows a larger 
biphasic gap for the hard dumbbells for L* = 0.24, while they nearly coincide for L* = 0.30. 
Moreover, the comparison shows that the width of the biphasic gap of hard dumbbells (the 
difference between the melting volume fraction and the freezing volume fraction) is decreased 
with an increase in L* from 0.24 to 0.30. 
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Thus, the dumbbell-shaped microgels synthesized in this work are so monodisperse that they 
can form plastic crystal indicated by Bragg reflections. Both the DPM_a suspension with L* ~ 
0.24 and the DPM_b suspension with L* ~ 0.30 exhibits the fluid-to-plastic crystal transition. 
The experimental phase diagrams are obtained by visual observations, which virtually 
coincide with the prediction of the MC simulations on the phase diagram of hard dumbbells at 
L* ~ 0.24 and L* ~ 0.30. Moreover, both experiment and theory studies indicate that the 
increased L* (L* < 0.4) leads to a decrease in the width of the biphasic gap of hard dumbbells.  
4.2.2 Crystallization process 
To further investigate the crystallization and phase behaviour of hard dumbbells, rheological 
measurements, including time dependent measurements in the oscillatory shear field and flow 
curve measurements have been performed for the suspensions of DPM_a microgels and 
DPM_b microgels in different phases, respectively. The rheological measurements have been 
shown to be useful to investigate the dynamics of crystallization for spherical systems.[14, 
171],[172] In this study, the volume fractions of the measured hard dumbbell suspensions in 
different phases are chosen according to the phase diagrams shown in Figure 4.2.1. The time 
dependent measurements are carried out as a function of time in the oscillatory shear field 
with fixed frequency f = 1 Hz and fixed strain amplitude max = 1%. The flow curve that is the 
shear stress 𝜎as a function of shear rate ?̇? is measured by increasing and decreasing ?̇?. More 
experimental details are described in Chapter 7. 
4.2.2.1 Dumbbell-shaped microgels with L*~ 0.24 
Figure 4.2.3 displays the measurement results for the DPM_a suspensions in different phases. 
The suspension is firstly investigated at eff = 0.40 (8.56 wt.-% at 10 °C), which is below the 
fluid-to-plastic crystal transition. In the second set of experiment, the suspension with eff = 
0.51(12.05 wt.-% at 15 °C) is chosen, which is located in the biphasic gap. Next, the 

























Figure 4.2.3 Rheological behaviour of the DPM_a suspensions in different phases with various volume 
fractions: the time dependence of storage modulus G’ (filled circles) and loss modulus G’’ (empty circles) were 
measured under oscillatory shear strain with max = 1% and f = 1 Hz. Panels a), c), e) display the dependence of 
G’ and G” on time for the DPM_a suspensions with  of 0.40, 0.51, 0.63, respectively. The shear stress versus 
both increasing (upwards triangles) and decreasing (down wards triangles) shear rate of the DPM_a suspensions 
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The dependence of G’ and G’’ on time of the hard dumbbells with L* ~ 0.24 in the fluid 
phase, the biphasic gap and the plastic crystalline phase are displayed in Figure 4.2.3a, c and 
e, individually. Figure 4.2.3b, d, f exhibit the corresponding flow curves measured by 
increasing ?̇? from 0.001 to 1000 s-1 (upwards empty triangles) slowly with a logarithmic time 
ramp of 1000 to 10 s and then decreasing shear rate from 1000 to 0.001 s-1 with a logarithmic 
time ramp of 10 to 1000 s (downwards empty triangles).  
For the DPM_a suspensions at eff = 0.40 (see Figure 4.2.3a), G’’ is observed to be larger than 
G’ in the oscillatory shear field. Both G’ and G’’ are found to be constant for the whole entire 
time of observation, indicating a stable fluid phase as expected. The flow curve shown in 
Figure 4.2.3b is fully reversible without hysteresis. In case of the DPM_a suspension in the 
biphasic gap (eff = 0.51), Figure 4.2.3c displays that the time dependence of G’ and G’’ starts 
with G’ > G’’, and both G’ and G’’ are not time dependent at the beginning. After ca.1000s, 
G’ increases gradually and G’’ decreases correspondingly, indicating the onset of 
crystallization. It demonstrates that crystallization begins to set in at about 1000 s, and that the 
plastic crystallites can be in equilibrium with fluid in the biphasic gap. Figure 4.2.3d shows 
that there is a strong hysteresis in flow curves of the DPM_a suspension at eff = 0.51 with 
indicative of the shear melting of crystals upon increasing ?̇?. The suspension behaves like a 
Newtonian fluid in the high shear rate region after shear melting, where the shear stress  can 
be simply reversed by decreasing ?̇?. However,  begins to increase when the decreasing ?̇? 
reaches a low sufficient region (?̇? < 10-2 s-1), where ca. 1000s is needed to measure one point. 
The increase in  with decreasing ?̇?  indicates that hard dumbbells in the shear-melted 
suspension can recrystallize given long enough time and sufficiently low ?̇?. 
The decrease in temperature from 15 °C to 5 °C leads to an increase of volume fractions of 
this suspension up to 0.63. Based on the phase diagram of the DPM_a suspension as shown in 
Figure 4.2.2, the suspension at 5 °C is located above the plastic crystalline phase, which is 
probably in the glassy state. The rheological results are indicative of a glassy behaviour of the 
hard dumbbell suspensions at eff = 0.63. Figure 4.2.3e and f demonstrate that the DPM_a 
suspension in the glassy state has no time dependence of G’ and G’’ in oscillatory shear filed 
and there is no hysteresis in flow curves.  
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4.2.2.2 Dumbbell-shaped microgels with L* ~ 0.30 
In this section, the time dependent experiment in the oscillatory shear field and flow curves 
measurements are carried out on the DPM_b suspensions with L*~ 0.30 as shown in Figure 
4.2.4. According to the phase diagram of the DPM_b suspensions in Figure 4.2.1d, the 
volume fractions of measured DPM_b suspensions are chosen at 0.36 in the fluid phase, 0.52 
in the biphasic gap and 0.64 in the solid phase, respectively. The flow curve of the DPM_b 
suspensions as a function of increasing and decreasing ?̇? in the fluid phase, the biphasic gap 
and the plastic crystalline phase are shown in Figure 4.2.4a, c and e, respectively. The time 
dependent measurements under oscillatory shear are displayed in Figure 4.2.4b, d and f.  
As shown in Figure 4.2.4, there is neither time dependence of G’ and G’’ nor hysteresis along 
the flow curve for the DPM_b suspension in the fluid (eff = 0.36) and the glassy phase (eff = 
0.64). The slight deviation along the flow cure in Figure 4.2.4a can be explained by the shear-
induced crystallization as reported in spherical systems.[173] As for of the DPM_b suspension 
in the biphasic gap (eff ~0.52), there is a weak hysteresis in the flow curve and a slight time 
dependence of G’ and G’’ in oscillatory shear field, which is indicative of crystallization. The 
time window for the DPM_b suspension in the biphasic gap (see Figure 4.2.4d) displays that 
crystallization begins to set in at ca. 20000 s in the oscillatory shear field with f = 1 Hz and 
max = 1%. The time that is needed for the onset of crystallization in the suspension of DPM_b 
is much longer than that in the suspension of DPM_a microgels under the same oscillatory 
shear. It is indicated that the hard dumbbells with a larger aspect ratio show slower diffusion 
in the concentrated suspensions. This finding agrees with the theoretical prediction by the 
group of Schweizer that the glass transitions curve is a monotonically decreasing function of 
aspect ratio.[174] The glass state mentioned here is a phase where both translation and rotation 
motion dumbbells are arrested. At a fixed volume fraction, the hard dumbbells with L* ~ 0.30 
is closer to the glass state than that with L* ~ 0.24. Thus, more time is required for 

























Figure 4.2.4 Rheological behaviour of the DPM_b suspensions in different phases with various volume 
fractions: Shear stress versus both increasing (upwards triangles) and decreasing (down wards triangles) shear 
rate at  of 0.36, 0.52, 0.64 are shown in a), c), e) respectively. The dependence of G’ (filled sqaures) and G’’ 
(empty squares) on time are measured in oscillatory shear field with max = 1% and f = 1 Hz. b), d), f) on the right 
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In conclusion, the dumbbell-shaped microgels have been used as model systems to investigate 
the crystallization of hard dumbbells. The experimental phase diagrams of hard dumbbells 
with L* ~ 0.24 and 0.30 are comparable to the boundary of the phase diagram predicted by the 
MC simulations.[52-53] Rheological measurements have been carried out on the dumbbell-
shaped microgels (both L* ~ 0.24 and 0.30) to investigate the crystallization process of hard 
dumbbells. The crystallization process of hard dumbbells with L* ~ 0.30 in the biphasic gap 
turn out to be much slower than that of L* ~ 0.24. In the next section, the viscoelastic 
measurements are performed on the crystallized hard dumbbells to investigate their yielding 
behaviour. 
4.3 Yielding behaviour of hard dumbbells  
With the increasing applied stress, many materials exhibit a transition from solid-like to fluid-
like response, which is generally known as yielding.[136] The fundamental principles for this 
phenomenon of glassy solids[175] and various complex fluids[176],[177] have been extensively 
investigated. Using spherical colloids, a number of investigations mainly by rheological 
measurements have been done to investigate the yielding behaviour of concentrated colloidal 
suspensions.[178-180] In case of the hard-spheres in glassy state, a simple yielding process 
emerges at a strain corresponding to the maximum distortion of the cage of nearest 
neighbours.[34, 41] However, the attraction-dominated spheres in the glassy state show a two-
step yielding process at different ranges of strains.[181] One step is assumed to be related with 
the breaking of attractive bonds between particles, while the other one is referred to the cage 
breaking process. The rheological study turns out to be effective to characterize the yielding 
behaviour and the dynamic relaxation of spherical colloids in a concentrated state. 
In case of nonspherical colloidal systems, the theoretical study of Schweizer’s group[174, 182-
183] reveals that the anisotropy in particles’ shape opens up new mechanisms for stress 
relaxation and thus alters the nature of the glassy and gelled state. Using the dumbbell-shaped 
colloids with different interactions as model systems, the experimental studies done by 
Zukoski’s group[182, 184-185] indicate that there are nonbonded plastic repulsive glasses, 
nonbonded double repulsive glasses, bonded repulsive glasses and dense gels in their phase 
diagram. The nonbonded double repulsive glasses have multiple yielding events, which can 
be interpreted in light of naïve mode coupling theory (NMCT).[186-187] One yielding process is 
associated with exceeding the entropic barrier constraining rotational motion and the other is 
correlated with exceeding the barrier for exchanging nearest neighbours.[174] However, there is 
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no work done on the stress relaxation and the yielding behaviour of the crystallized hard 
dumbbells yet. In this section, we perform viscoelastic measurements to investigate the 
yielding behaviour of the crystallized hard dumbbells in different crystalline phases. 
4.3.1 Hard dumbbells with L* ~ 0.24 
Using the DPM_a suspensions with L* ~ 0.24 as the model system, the viscoelastic properties 
of the hard dumbbells have been investigated in both biphasic gap and fully crystalline phase. 
The corresponding volume fractions are chosen at eff= 0.55 and eff= 0.60, respectively 
according to the phase diagram in Figure 4.2.2. The yielding behaviour is measured under 
oscillatory shear with increasing strains, max from 0.1% to 1000% at a fixed frequency, f = 1 
Hz. The dynamic frequency sweep is performed at max = 1% to measure G’ and G’’ as a 
function of decreasing f from 10 Hz to 0.01 Hz with a logarithmic time ramp from 600 s to 20 
s. In all cases, the pre-shear with ?̇? = 100 s-1 for 200 s is set before the measurements to 
initialize the samples at the same non-equilibrium state. A waiting time, tw of 60 s is set in 
between if it is not specially stated. To investigate the effect of crystallization on the yielding 
behaviour  of the hard dumbbell suspensions in the biphasic gap, various tw is set before the 
measurements on the DPM_a suspensions with eff= 0.55 as shown in Figure 4.3.1. tw is 
chosen according to the time window (see Figure 4.3.1a) at 60 s, 3000 s and 10000 s, 
respectively. 
Figure 4.3.1a shows the dependence of G’ and G’’ on time. Here G' begins to increase from t 
~ 1000 s and reaches its maximum plateau at t = ca. 7000 s. Meanwhile, G'' decreases 
correspondingly and remains constant after its minimum at ca. 7000 s. It is indicated that the 
crystallization process begins to set in at t = ca. 1000 s and the fully crystallization state is 
reached at ca. 7000 s. The effect of the crystallization process (marked by different waiting 
time after pre-shear for crystallizations to set in) on the rheological behaviour of the hard 
dumbbell suspensions are displayed in Figure 4.3.1b and c. For tw = 60 s and tw = 3000 s, the 
dependences of G' and G'' on  or f are almost identical. The  or f dependence of G’ and G’’ 
after tw = 10000 s, however, shows a big difference. Compared with the measurements after tw 
= 60 s, the values of G' and G'' after tw = 10000 s is almost ten times larger in the small 
frequency region (f < 0.01 Hz). Moreover, G' and G'' are nearly independent on f in this 
region, suggesting a stable structure formed by the crystallized hard dumbbells.  
 
















Figure 4.3.1 Time dependence of G' and G'' in the oscillatory shear field of f = 1 Hz and max = 1% (a). The 
dependence of G’ and G’’ on frequency under oscillatory shear with  = 1% after various tw (b) and strain sweep 
with f = 1Hz after various tw (c) of the hard dumbbell suspensions at eff= 0.55. As for the frequency and strain 
sweep, the different waiting times are set according to time window (a). The upwards triangles mean G curve 
after tw = 60 s, downwards triangles represent G curve after tw = 3000 s and circles stand for G curve after tw 
=10000 s. For all three sets of symbols, the filled ones refer to G' and the empty ones are for G''. 
The yielding behaviour displayed in Figure 4.3.1c indicates that the linear viscoelastic region 
is preserved until the strain amplitude is increased up to ca. 10%, where G’ and G’’ are 
independent on increasing  In this region, the various waiting time nearly makes no 
difference on the dependence of G’ and G’’ of the hard dumbbell suspensions on except a 
slight decrease in the value of G’’ of the fully crystallized hard dumbbell suspensions after tw 
= 10000 s. The main difference before and after the fully crystallization emerges at the 
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Beyond the strain of ca. 10%, the hard dumbbells in the biphasic gap after tw = 60 s and tw = 
3000 s only show one yielding event (triangles in Figure 4.3.1c). At the end of the linear 
region, G' decreases with the increased . Correspondingly, G'' increases up to its maximum 
firstly and then decreases in the nonlinear viscoelastic region. The simple yielding process is 
similar to that of the hard-sphere glass.[19, 41] Probably, it can be explained by the deformation 
and yielding of the cage-like microstructure. However, the hard dumbbell suspensions after tw 
= 10000 s show a more complex yielding behaviour. Two obvious yielding events (circles in 
Figure 4.3.1c) appear along the dependence of G’ and G’’ on . In the range from 10% to 
20%, G'' increases to its first maximum, while G' decreases correspondingly, and crosses over 
G’’ at  ~ 20 %. After the intersection, G'' decreases to its minimum and G' simultaneously 
reaches its plateau at  ~ 50 %. Instead of decreasing along the increased , G'' increases again 
to its second maximum at  ~ 60 %, yielding the second yielding event. Afterwards, G' and G'' 
decrease sharply with further increase in .Since the dumbbell-shaped microgels used here 
are sterically stabilized (see the discussion in Chapter 4.1), these two yielding events should 
not be related to possible attractions between the particles as discussed by Schweitzer et 
al.[182, 185, 188]. Based on the discussion above, these two yielding events appear as long as the 
hard dumbbell suspensions are fully crystallized. These two yielding events at the transition 
from linear to nonlinear regions are therefore considered to be related with the crystallization 
of the hard dumbbells. This yielding behaviour with the two yielding events as discussed 
above is referred to as the double yielding behaviour in this work. 
To further address this point, the viscoelastic measurements are carried out for the DPM_a 
suspensions in the fully crystalline phase. Based on the phase diagram as shown in Figure 
4.2.2, the volume fraction is chosen at 0.60. The yielding behaviour is measured firstly with 
increasing strains from 0.01% to 1000% as described above. In the following, the dependence 
of G’ and G’’ on decreasing is measured as well to check whether the yielding behaviour is 
reversible or not. Figure 4.3.2 summarizes the yielding behaviour of hard dumbbells in the 














Figure 4.3.2 The yielding behaviour of the DPM_a suspension with L* ~ 0.24 in the fully crystalline phase eff= 
0.60. It is measured in the oscillatory shear field with f = 1 Hz as a function of increasing upwards triangles) 
and decreasingdownwards triangles). Filled triangles indicate storage modules, G’ and empty triangles 
indicate loss modules, G’’. 
Figure 4.3.2 displays that the hard dumbbells in the plastic crystalline phase exhibit the 
double yielding behaviour  with increasing shear strains, which is similar to that measured for 
the fully crystallized hard dumbbells in the biphasic gap after tw = 10000 s (see Figure 4.3.1c). 
However, this double yielding behaviour is not reversible, the two yieding events are 
observed to emerge to one yielding event with the decreasing strains. The double yielding will 
be the subject of a further study by rheo-SANS in section 4.4. 
4.3.2 Hard dumbbells with L*~0.30 
In this section, the viscoelastic measurements are performed to investigate the yielding 
behaviour of the DPM_b suspensions with L* ~ 0.30 in the plastic crystalline phase. Based on 
the phase diagram shown in Figure 4.2.2, the volume fraction of the DPM_b suspensions is 
chosen at 0.60 (12.85 wt.-% at 15°C). Viscoelastic measurements are performed under 
oscillatory shear with increasing strains from 0.1% to 1000% and at a fixed frequency of f = 1 
Hz or f = 5 Hz. As described in the experimental part (see Chapter 7), the default 
measurement time is set as 100s / point. One more set of experiment is performed with 500 s / 
point in the oscillatory shear field with f = 1 Hz. It is designed to apply the equal amount of 












4 Hard Dumbbells     
56 
 
(100s / point). Figure 4.3.3 summarizes the yielding behaviour of the hard dumbbell 







Figure 4.3.3 (a) Dependence of G’ and G’’ on increasing  for the hard dumbbells with L*~ 0.30 in the plastic 
crystalline phase under oscillatory shear of f = 1Hz (circles) and f = 5Hz (squares). This measurement is 
performed with default setting (100 s/point). (b) The dependence of G’ and G’’ on  of the hard dumbbells with 
L*~ 0.30 in the plastic crystalline phase that is measured under oscillatory shear of f = 1Hz with 500 s/point. The 
filled symbols denote G’, while open symbols represent G’’.    
The yielding behaviour displayed in Figure 4.3.3a show that hard dumbbells with L*~ 0.30 in 
the plastic crystalline phase behave only one yielding event under oscillatory shear with f = 1 
Hz but two yielding events under oscillatory shear with f = 5 Hz. Compared with the 
oscillatory shear with f = 1 Hz, the number of applied oscillatory shear cycles is increased by 
5 times within the same measurement time for the oscillatory shear with f = 5 Hz. It is 
interesting to mention that the double yielding events are observed as well in the oscillatory 
shear field with f = 1 Hz when the measurement time is prolonged by five times as shown in 
Figure 4.3.3b. Based on these three sets of experiments, it is concluded that the hard 
dumbbells with L*~ 0.30 in the plastic crystalline phase can show the same double yielding 
behaviour as the hard dumbbells with L* ~ 0.24, but the former needs longer and stronger 
oscillations. As discussed in section 4.2.2, the hard dumbbells with L* ~ 0.30 is closer to the 
glassy state than that with L* ~ 0.24 at the same volume fraction of 0.6. Due to the slowdown 
of the dynamics in the vicinity of the glass transition, stronger and longer oscillations are 
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In conclusion, the viscoelastic measurements have been performed in this section to 
investigate the yielding behaviour of hard dumbbells in different phases. The hard dumbbells 
in the biphasic gap shows one yielding process under oscillatory shear, while there are two 
yielding for the hard dumbbells in the plastic crystalline phase. Moreover, the hard dumbbell 
suspensions with L*~ 0.30 require longer or stronger oscillations to exhibit the double 
yielding behaviour than that with L*~ 0.24. The rheological study reveals that the 
crystallization of the hard dumbbells is the main reason for their yielding behaviour. However, 
the underlying structural evolution at oscillatory shear cannot be elucidated by rheological 
measurements alone. Hence the double yielding will be investigated in detail by the 
combination of SANS and rheology (rheo-SANS) in Chapter 4.4. 
4.4 The plastic crystalline phase and its structural evolution  
Section 4.2 has shown that hard dumbbells form plastic crystal as indicated by Bragg 
reflections. The viscoelastic measurements in section 4.3 indicate that the hard dumbbell 
suspensions in the plastic crystalline phase exhibit two yielding events in an oscillatory shear 
field. To clarify the structure of the plastic crystal in equilibrium and their structural evolution 
under oscillatory shear, rheo-SANS experiments have been performed for the hard dumbbell 
suspensions in different crystalline phases at rest and under oscillatory shear. Mock and 
Zukoski were the first to use the rheo-SANS to investigate the microstructure of the plastic 
crystal formed from slightly charged dumbbells.[60] These authors observed that the plastic 
crystal is polycrystalline in equilibrium, which evolves into hexagonally packed layers by the 
application of steady shear. It should be noted, however, that the interaction of the dumbbells 
used by Mock and Zukoski was quite complicated and had an attractive component as well.[60] 
Up to now, there is no study of shear induced crystal structures formed by hard dumbbells. 
Here we present the first study on the structural evolution of plastic crystal under oscillatory 
shear by rheo-SANS. The work of this part is organized as follows: using the DPM_a 
suspensions (L* ~ 0.24) (see Table 4.1.1) as the model system, the hard dumbbells in the 
plastic crystalline phase have been investigated by rheo-SANS measurements and BD 
simulations at rest and under oscillatory shear. The BD simulations in this work have been 
done by Nils Heptner within his PhD-thesis.[132] Moreover, the DPM_a suspension in the 
biphasic gap is studied as well. In addition to this, the DPM_b suspension with L* ~ 0.30 in 
the plastic crystalline phase is studied as well by rheo-SANS measurements in order to 
explore the effect of L*.  
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4.4.1 Plastic crystalline phase  
SANS measurements have been carried out on the DPM_a suspension in the plastic 
crystalline phase (eff= 0.60) at various strains as shown in Figure 4.4.1. The measured strain 
amplitudes (max) as listed in Table 7.3.1 have been chosen to elucidate the dependence of G’ 
and G’’ on increasing shear strains The corresponding Per has been calculated according to 
Eq. (3.2.5) in section 3.3.1. In Figure 4.4.1, the scattering patterns are shown for the hard 
dumbbell suspensions at rest and under oscillatory shear with five representative strain 
amplitudes. They are 
a. at rest  
b. max = 23.6% and Per = 0.24 at the end of linear regime,  
c. max = 50% and Per = 0.52 at the first minimum of G’’  
d. max = 60% and Per = 0.62 at the second maximum of G’’ 
e. max = 116% and Per = 1.20  
f.   max = 500% and Per = 5.20 
For each shear strain, 600 oscillations (10 min) are firstly applied to induce the corresponding 
structure and the following 900 oscillations (15 min) are averaged to yield the scattering 
patterns as shown in this part. More details related with the experiments are described in 
Chapter 7.  




Figure 4.4.1 Evolution of the plastic crystal (a) formed from the hard dumbbells with L* ~ 0.24 and eff= 0.60 
under oscillatory shears at fixed frequency (f = 1 Hz) increasing strain amplitudes. The applied strain amplitudes 
are chosen based on the dependence of G’ and G’’ on  at: max = 23.6% and Per = 0.24 (b), max = 50% and Per = 
0.52 (c), max = 60% and Per = 0.62 (d), max = 116% and Per = 1.20 (e) and max = 500% and Per = 5.2 (f), 
respectively. 
Figure 4.4.1 displays that there are six main structures corresponding to the plastic crystal at 
rest and under shear. With the increase in strain amplitudes of the applied oscillatory shear, 
two pronounced hexagonal patterns with sharp Bragg peaks are seen at max = 50% (Figure 
4.4.1c) and max = 116% (Figure 4.4.1e), respectively. There is a 30° shift between these two 
patterns, which has been also observed by light scattering[152] or optical microscopy 
measurements[189],[156] for hard sphere suspensions under oscillatory shear when max is 
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increased from low (< 100%) to high shear strain. Theoretical[152] and experimental[189] studies 
on hard spheres demonstrate that the 30° shift is indicative of the structure reorganization 
from a twinned fcc structure to sliding layers. The geometric packing model[152, 160] (see 
Figure 3.4.2) demonstrates that the most densely packed direction for the twinned fcc 
structure is perpendicular to the velocity direction in the velocity-vorticity plane at low strain. 
As shown in Figure 3.4.2, the microstructure is reorganized to the sliding layers at high strain 
with the most densely packed direction parallel to the velocity direction to facilitate the 
motion of the hexagonal plane.[152, 189] The 30° shift of hexagonal scattering pattern of the 
hard dumbbell suspensions is comparable to that reported on hard spheres.[152] It indicates that 
the sheared hard dumbbells form a twinned fcc structure in the velocity-vorticity plane with 
the mostly densely packed direction along the vorticity direction at max = 50%. The structure 
is reorganized with the increase of shear strain until max = 100% to form sliding layers, in 
which the sheared hard dumbbells are most densely packed along the velocity direction. 
Moreover, the scattering pattern at max = 500% and Per = 5.2 (Figure 4.4.1f) resembles that 
for the string structure of the sheared hard spheres (see section 3.4).[152] The hexagonally 
ordering as shown in Figure 4.4.1d is shear melted by a large shear strain, yielding a one-
dimensional structure similar to the string-like order observed in the shear hard spheres.[152]  
Apart from the similarities discussed above, there are three major differences between the 
scattering results of sheared hard spheres and sheared hard dumbbells. First, the hard 
dumbbell suspensions at max = 23.6% show one isotropic pattern with two scattering spots 
prior to the formation of the first six-fold periodic pattern. This type of pattern has not been 
reported in the sheared hard sphere suspensions.[152] Second, the first six-fold periodic pattern 
of hard dumbbells under small strain (Figure 4.4.1c) shows that the intensity of the scattering 
spots on the same ring are not equal but exhibit an angular variation. Third, an anisotropic 
pattern without indications of periodic structures is observed at max = 60%, where the second 
yielding event is located. In the following, these scattering data will be evaluated and 
interpreted step by step.  
4.4.1.1 The equilibrium structure of the plastic crystal  
As shown in Figure 4.4.1a, the 2D scattering pattern of the hard dumbbell suspensions at a 
volume fraction of 0.60 at rest reveals uniform primary and secondary rings without evidence 
for spots of higher intensity. The experimental phase diagram in Figure 4.2.1 displays that the 
hard dumbbells suspensions (eff= 0.60) are in the plastic crystalline phase, where hard 
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dumbbells are predicted to form long-range translational order but with the freedom of 
orientational motion by MC simulations.[53] Due to the orientational averaging, the scattering 
is not sensitive to the symmetry of the hard dumbbells in the plastic crystalline phase. 
Combined with the iridescence of the suspensions in equilibrium (see Figure 4.2.1a), we 
conclude that the plastic crystal at rest has a polycrystalline structure. This finding agrees with 
the experimental results found for plastic crystals formed from the slightly charged 
dumbbells.[60] 
4.4.1.2 Shear induced vorticity-alignment  
Next we discuss the structural evolution of hard dumbbells after the application of oscillation 
shears. The dependence of G’ and G’’ on  in Figure 4.4.1 reveals that the linear viscoelastic 
region is kept until max = 10%. Figure 4.4.2 displays an overview of scattering patterns for the 
structural evolution of the sheared hard dumbbells before the formation of the first periodic 
six-fold patter at max = 42.3%. In the linear viscoelastic region, the structure of sheared hard 
dumbbells (Figure 4.4.2b) turns out to be same as that in the equilibrium state (Figure 4.4.2a). 
At the end of the linear region, an anisotropic 2D scattering pattern in Figure 4.4.2c emerges 
at max = 19.4% with only two scattering spots of maximum intensity on the primary ring 
along the velocity direction. This anisotropic pattern becomes more evident at max = 23.6% 
and Per = 0.24.  
As described in section 3.3.2, the scattering pattern is the Fourier transform of the underlying 
real space structure.[139] The primary orientation of the scattering patterns is rotated 90 degree 
relative to that of the underlying real space structure. The anisotropic scattering pattern with 
two peaks along the velocity direction (Figure 4.4.2d) is thus indicative of the alignment of 
sheared hard dumbbells along the vorticity direction at max  = 23.6% and Per = 0.24. Here we 
propose two possible vorticity alignments. First, the sheared hard dumbbells may get aligned 
along the vorticity direction, forming the ‘string-like’ or ‘chain-like’ structures. Recently, the 
group of Cohen[190] observed the vorticity-aligned strings in the sheared hard-sphere colloids 
by the confocal microscopy. Based on Stokesian dynamics simulations, they proposed that the 
formation of the string structure along the vorticity direction in the hard sphere suspension is 
due to the rotation motion of a pair of spheres. This motion includes both radial motions along 
the line connecting their centres and rotational motions around the centre of mass of the pair. 
In concentrated suspensions, the rotational motion induces strong particle migration along the 
gradient direction and leads to random collisions between particles of different shear 
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velocities. These collisions enhance diffusion to a greater degree along the flow direction than 
along the vorticity direction, which eventually leads to the formation of vorticity-aligned 
strings.[190] The motion of a pair of spheres is analogous to the translation motion and rotation 
motion of the hard dumbbells used in this study (see Chapter 3). Thus, we propose that hard 
dumbbells under oscillatory shear may form the vorticity-aligned string structure similar to 









Figure 4.4.2 2D scattering patterns of the hard dumbbell suspension in the plastic crystalline phase (eff= 0.60) 
at rest (a) and in the oscillatory shear field with f = 1Hz and various strains (b) max  = 10%, Per = 0.10 (c) max  = 
19.4%, Per = 0.20 (d) max  = 23.6%, Per = 0.24 (e) max  = 42.3%, Per = 0.44 over the first 600 oscillations and (f) 
the following 900 oscillations. (b), (c) and (d) correspond to the scattering averaging over the last 900 oscillation 
cycles at the respective shear strain. The experiment scatterings displayed here are recorded in the velocity-
vorticity scattering plane.  
Second, the anisotropic scattering with two spots of maximum intensity along the velocity 
direction may be explained by the shear-induced alignment of hard dumbbells with their 
major axis along the vorticity direction. Shear[191]- or flow[192]-induced orientations have been 
commonly investigated in micellar solutions by rheo-SANS. It was shown that aligned 
anisotropic micelles yield anisotropic scattering patterns. The orientation perpendicular to the 
velocity enhances the scattering intensity along the velocity direction, while the orientation 
parallel to the velocity enhances the scattering intensity along the vorticity direction.[140, 148, 
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correlated with the shear-induced orientation of the hard dumbbells with the major axis 
perpendicular to the velocity direction.  
The light area outside the first ring is probably indicative of the onset of the formation of the 
single crystal oriented from the polycrystallites. With a further increase in the shear strain, the 
Debye-Scherrer rings transform into Bragg peaks after the first 600 oscillations with max = 
42.3% and Per = 0.44 (see Figure 4.4.2e). The hexagonal pattern becomes more pronounced 
after more oscillations (see Figure 4.4.2f). The two equatorial spots of maximum scattering 
intensity that are indicative of a vorticity-aligned structure remain in the developed six-fold 
scattering pattern. It thus can be summarized that at the end of the linear viscoelastic region, 
the oscillatory shear up to max = 23.6% induces the formation of the vorticity-aligned 
structures. The vorticity-alignment is maintained until the formation of the first periodic 
structure.  
4.4.1.3 Twinned FCC at low strain 
The first periodic structure indicated by the six-fold plane in Figure 4.4.2e emerges at an 
oscillatory shear of max = 42.3%, f = 1Hz, Per = 0.44 and remains stable until max = 50% and 
Per = 0.52 (see Figure 4.4.1c), where G’ reaches its plateau. The six-fold hexagonal SANS 
pattern at max = 50% is comparable to the typical Bragg spot pattern from a shear ordered 
dispersion.[194] In order to evaluate the structure of the shear-induced crystal, the anisotropic 
2D scattering pattern shown in Figure 4.4.1c is integrated by dividing the scattering patterns 
into six equal sectors through the LAMP-SANS software (provided by ILL). More details 
related to the radial integration are given in Chapter 7. The radial integration indicates that the 
crystalline peaks appear at the following magnitudes of the scattering vector (q, defined by 
Eq.(3.2.1)) (nm-1): 0.0132, 0.0225, 0.0263, 0.0346. The peak positions can be indexed as 
1: √3: 2: √7, which agrees well with the theoretical prediction for the 2d hexagonal planes by 
the model calculation (see section 3.4.2). Since the first peak is located at 0.0132 nm-1, the 
lattice parameter d is determined to be 472 ± 5nm.  
To analyse the underlying dynamics, the Brownian dynamic computer (BD) simulations have 
been performed by Nils Heptner[132] on the hard dumbbells in the plastic crystalline phase 
with = 0.55 and L* = 0.24. Figure 4.4.3a shows the experimental scattering pattern of the 
sheared hard dumbbells at eff  = 0.60 and L* = 0.24, which present the average over 900 
oscillations at max = 50%, f = 1 Hz and Per = 0.52. The six-fold pattern indicates that the hard 
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dumbbells form hexagonal layers in the velocity-vorticity plane, which is the experimental 
scattering plane as defined in Figure 3.3.3. In Figure 4.4.3b, the simulated structure factor 
averaging 250 oscillatory shear cycles with f = 15.30 Hz and max = 15% (and Per = 2.28 is 
shown for the hard dumbbells with = 0.55 and L* = 0.24. The positions of scattering spots 
for the simulated structure factor (Figure 4.4.3b) virtually coincide with the experiment results 
(Figure 4.4.3a), indicating that the hard dumbbells form a twinned fcc structure under low 
strain. Since the form factor of hard dumbbells is not included in the simulated structure 
factor, we cannot make a quantitative comparison between the scattering intensities of the 
experimental and simulation results. 
The corresponding simulation snapshots in the velocity-gradient plane at a maximum 
displacement, the unstrained state and the other maximum displacement within one oscillatory 
shear cycle are displayed in Figure 4.4.3c from left to right. It is necessary to mention that the 
hard dumbbells in Figure 4.4.3c are reduced in diameter to 0.5 D (D is the diameter of the 
dumbbell-shaped microgels see Figure 1.3.1) for a better visibility of the structure. It indicates 
that the hexagonal layers are stacked in ABC sequence when the oscillatory shear is at one 
maximum position (left in Figure 4.4.3c), while in ACB sequence for the other maximum 
position (right in Figure 4.4.3c). At the equilibrium position of the oscillation (middle in 
Figure 4.4.3c), the layers are bridge-site stacked and a body-centered-tetragonal (bct) phase is 
temporarily formed. This finding is comparable to the formation of two oscillating fcc twins 
from hard spheres under low strain.[152, 156] Based on the simple geometric packing mode 
proposed by Ackerson et al.[152, 161] (see section 3.4), the hard dumbbells particles are most 
densely packed along the vorticity direction in the hexagonal layers. The oscillation shear 
induces hard dumbbell particles to oscillate between two neighbouring triangular voids to 








Figure 4.4.3 (a) 2D experimental scattering pattern of hard dumbbells (eff= 0.60) in an oscillatory shear field (f 
= 1 Hz, max = 50%, Per = 0.52). This pattern is rescaled by qx D to facilitate the comparison with the results of 
BD simulations. (b) The calculated 2D structure factors in the velocity-vorticity plane by BD simulations, 
averaging 75 oscillatory shear cycles with f = 15.30 Hz and max = 15% and Per = 2.28. (c) Simulation snapshots 
of sheared dumbbells with = 0.55 and L* = 0.24 in the velocity-gradient plane after the application of 75 
oscillatory shear cycles with f = 15.30 Hz and max = 15% and Per = 2.28. The three figures (from left to right) 
show that the oscillation is at a maximum displacement, at the equilibrium position and at the other maximum 
displacement, respectively. The layers are stacked in ABC sequence at one extreme position, while in ACB 
sequence at the other one. (d) The structure analysis is done to display averaged orientations distribution of shear 
dumbbells over time by <P2>i (t), where i denotes the orientation axis, which refers to velocity direction x, 
gradient direction y and vorticity direction z, respectively. <P2>vorticity (filled circles), <P2>velocity (filled triangles) 
and <P2>gradient (open squares) are defined as the order parameters to describe the orientations along the vorticity, 
velocity and gradient direction, respectively. The BD simulations have been performed by Nils Heptner.[132] 
Figure 4.4.3d displays the structure analysis on the orientations of hard dumbbells that are 
averaged over the 250 oscillatory shear cycles. The orientations of hard dumbbells along the 
vorticity, velocity and gradient directions are denoted by <P2>vorticity, <P2>velocity and 
<P2>gradient, respectively, which are calculated according to Eq. (3.4.5) in Chapter 3. Figure 
4.4.3d demonstrates that <P2>vorticity and <P2>velocity swings above and below zero but is not 
sinusoidal within the sinusoidal period of applied oscillatory shears. The time dependent, 
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sinusoidal shear strain is displayed in Figure 3.3.2. <P2>velocity and <P2>vorticity vary with the 
sinusoidal strain in opposite way and the variation amplitudes are larger than their average 
values. However, <P2>gradient is relatively stable with the applied sinusoidal strain, which 
remains below zero for the whole averaged time. It is thus indicated that the orientations 
along the vorticity and velocity direction are preferred for the hard dumbbells at low strain, 
while the orientation along the gradient direction is nearly negligible.  
Figure 4.4.3a shows that the intensities of the two equatorial spots on the innermost ring are 
stronger than the other four, and that of the two scattering spots on the second ring along the 
vortictiy direction are higher than the others. Based on the discussion in Figure 4.4.2, the 
intensity variation may be due to the shear-induced vorticity alignment of the hard dumbbell 
particles. There are two possibilities for the shear-induced vorticity alignment: one is the 
closing packing structure along the vorticity direction and the other is the alignment of hard 
dumbbells with the major axis parallel to the vorticity direction. According to the geometrical 
model, the hard dumbbells in the oscillating twin structure are expected to be most densely 
packed along the vorticity direction in the hexagonal plane. However, the model 
calculation[161] (see section 3.4.2 and Figure 3.4.3) indicates that the most dense packing in 
the twinned fcc structure may not affect the intensity of scattering spots on the same ring 
given that the hexagonal layers are perfectly stacked. Therefore, it is likely that the shear 
alignment of the hard dumbbells with the major axis parallel to the vorticity direction is the 
reason for the intensity variation observed in Figure 4.4.2a.  
Additionally, the simulation results in Figure 4.4.3b shows an intensity variation with two 
stronger scattering spots along the velocity directions. However, the intensity distribution is 
not quantitatively comparable to that observed in the experiment results (Figure 4.4.3a). The 
intensity variation from the simulation results may be explained by the stacking faults[195] or 
the bridge-site stacked layers at the equilibrium position of the oscillation (middle in Figure 
4.4.3c). Moreover, the BD simulations performed by Nils Heptner[132] does not show the 
vorticity alignment structure at low strain. This may because that the BD-simulations neglect 
the hydrodynamic interactions of the sheared hard dumbbells.  
In conclusion, the experimental and theoretical studies demonstrate that the hard dumbbell 
particles form the oscillating twinned fcc structure at the oscillatory shear of f = 1 Hz, max = 
50%, Per = 0.52, where the particles are closest packed along the vorticity direction. As 
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indicated by the experiment results, the hard dumbbells at low strain may be slightly oriented 
with their major axis parallel to the velocity direction.  
4.4.2 Partially oriented sliding layers at high strain 
In the following, we discuss the experimental and simulated results obtained at high strain. 
When the strain amplitudes are increased up to approximately 100%, a second six-fold 
scattering pattern appears at max = 90%, Per = 0.94, indicating the formation of hexagonal 
layers in the velocity-vorticity scattering plane. As shown in Figure 4.4.1e, the pattern keeps 
stable until Per = 1.20 and shows a 30° shift with respect to the pattern of the twinned fcc 
formed at Per = 0.52. The crystalline peaks are determined via the radial integration by sectors 
(see Chapter 7) at the following q (nm-1) positions: 0.0133, 0.0225, 0.0263, 0.0346, which are 
identical with that of the twinned fcc.  
To facilitate the comparison with the simulated results, the experimental results (Figure 
4.4.4a) at large strain (max = 116%, Per = 1.20) are rescaled by the diameter Dsee Figure 
1.3.1aThe simulated structure factor is shown in Figure 4.4.4b from the BD simulations on 
the hard dumbbells with L* = 0.24 and eff= 0.55 after the shear melting of the fcc crystal by 
250 oscillations of high strain (f = 15.30 Hzand max = 30%, Per = 4.56). A comparison 
between the experimental and simulated results indicates that the hard dumbbells form 
hexagonal layers under high strain. The corresponding simulation snapshots in the velocity-
gradient plane are shown in Figure 4.4.4c, indicating the random stacking of the layers. This 
theoretical finding is similar to the sliding layers of hard spheres investigated by van 
Blaaderen et al. via BD simulations and confocal microscopy.[156] As discussed in section 3.4, 
the hard sphere suspensions are observed to form a hexagonally ordered structure under large 
strain by Ackerson with light scattering.[152] The six-fold experimental and simulated patterns 
(see Figure 4.4.4) are comparable to the calculated pattern of sheared hard spheres (Figure 
3.4.3b), which corresponds to the registered random stacked layers as discussed in section 3.4. 
It indicates that the hexagonal layers of hard dumbbells slip past one another along zig-zag 
paths due to the registrations between layers. 




Figure 4.4.4 (a) Experimental scattering 2D pattern of hard dumbbells in the plastic crystalline phase (eff= 
0.60) under oscillatory shears (max = 116%, Per = 1.20, f = 1Hz) (b) The calculated 2D structure factor based on 
the Brownian dynamics simulation[132] on the shear melting of the fcc crystal under oscillatory shear of f = 15.30 
Hzand max = 30%, Per = 4.56. The calculation is built for the model system of hard dumbbells in the plastic 
crystalline phase with L* = 0.24 and eff= 0.55. The corresponding simulation snapshots (c) of sheared 
dumbbells with = 0.55 and L* = 0.24 in the velocity-gradient plane after the application of 250 oscillatory 
shear cycles with f = 15.30 Hzand max = 30%, Per = 4.56. (d)The corresponding orientation distribution of P2i 
(t) denotes the averaged orientation distribution over time, and i denotes the orientation axis, which refers to 
velocity direction x (filled triangles), gradient direction y (open squares) and vorticity direction z (filled circles), 
respectively. 
Based on the geometric packing model as discussed in section 3.4.1,[152, 160] the shear-induced 
hexagonal planes here are oriented with a close-packed direction parallel to the velocity axis 
for the sliding layers at Per ~ 1. However, the hexagonally ordering planes are oriented with a 
close-packed direction perpendicular to the velocity axis for the case of the twinned fcc 
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structure (see Figure 4.4.3) at Per ~ 0.5. A structural reorganization is thus realized by 
increasing the applied oscillatory shear, which is indicated by the 30° shift between the two 
respective scattering patterns. The work reported on hard spheres[160, 189] indicates that this 
structure reorganization has to take place at high strain to facilitate the easiest motion of the 
hexagonal planes along the velocity direction. 
In the following, we discuss about the orientations of the hard dumbbells based on the 
structural analysis that has been performed by Heptner[132] for the sliding layers. <P2>velocity, 
<P2>gradient and <P2>vorticity  are shown in Figure 4.4.4d to characterize the orientations of the 
hard dumbbells under high strain along the velocity, gradient, and vorticity directions, 
respectively. It demonstrates that within the whole average time, <P2>gradient is almost constant 
below zero. <P2>velocity and <P2>vorticity are observed to be independent on the applied 
sinusoidal strain. In opposite to the case for the twinned fcc structure (see Figure 4.4.3d), the 
variation amplitudes for both <P2>velocity and <P2>vorticity are much smaller than their 
respective average values. Moreover, <P2>velocity is above zero and <P2>vorticity is below zero 
for the whole range of time and strain. This indicates that the hard dumbbells in the sliding 
layers are favourably oriented along the velocity direction. Thus, we name this microstructure 
of hard dumbbells at high strain as the partially oriented sliding layers. 
From the experiment and theory study, we conclude that the hard dumbbells in the plastic 
crystalline phase form the partially oriented sliding layers at high strain. Unlike the twinned 
fcc at low strain, the shear-induced hexagonal planes at high strain are oriented with the 
closed packed direction parallel to the velocity direction. Moreover, the hard dumbbells 
particles in the hexagonal plane are favourably aligned with the major axis parallel to the 
velocity direction.  
4.4.2.1 Intermediate stage (max: 60%-90%) 
As discussed above, the hard dumbbell suspensions in the plastic crystalline phase undergo a 
structural reorganization from the twinned fcc structure to the partially oriented sliding layers. 
Simultaneously, the orientations of hard dumbbells are changed from the strain-related 
alignment to the strain-independent alignment with the major axis parallel to the velocity 
direction. In the following we focus on the intermediate phase in between the structural and 
orientation reorganization that corresponds to the second yielding event at 60% < max < 90% 
(see Figure 4.4.1). The corresponding experimental scattering patterns are displayed in Figure 
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4.4.5, which indicates that the sheared dumbbells undergo the successive structural 
reorganization from the twinned fcc structure to the partially oriented sliding layers with an 










Figure 4.4.5 Experimental scattering 2D patterns of the hard dumbbells with eff= 0.60 averaging (a) the first 
600 oscillations and (b) the following 900 oscillations at max = 60%, Per = 0.62. Experimental scattering 2D 
patterns of hard dumbbells over (c) the first 600 oscillations and (d) the following 900 oscillations at max = 70%, 
Per = 0.76. (e) and (f) are the experimental scattering patterns under oscillatory shear with max =  90% and Per = 
0.97 for the first 600 and the following 900 oscillations, respectively. Experimental scattering results shown here 
are recorded in the velocity-vorticity scattering plane. 
 
Applying an oscillatory shear of max = 60%, the six-fold plane referring to the twinned fcc 
structure disappears within the first 600 oscillations (see Figure 4.4.5a). With increasing time, 
most of these scattering spots vanish yielding the anisotropic scattered pattern with two 
scattering spots along the vorticity direction as shown in Figure 4.4.5b. However, the 
scattering spots of the second hexagonal pattern become visible for the first 600 oscillations at 
max = 70%, Per = 0.76 (see Figure 4.4.5c) and become more pronounced after another 900 
oscillations as shown in Figure 4.4.5d. When the applied strain is increased up to max = 90% 
a) b) c) 
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and Per = 0.97, the second hexagonal pattern with sharp Bragg spots is developed gradually 









Figure 4.4.6 (a) Experimental scattering 2D patterns of the hard dumbbell suspensions with eff= 0.60 over 900 
oscillations at f = 1 Hz, max and Per = 0.62and (b) corresponding calculated scattering pattern by the 
LAMP-SANS software. The calculation result is a superposition result of 0.3 times pattern at 50%, 0.25 times 
pattern at 116%and 0.45 times of polycrystalline pattern. Both experimental and calculated results are shown in 
the velocity-vorticity scattering plane.    
Figure 4.4.6 displays the scattering of the sheared hard dumbbells at max = 60%, Per = 0.65, 
which corresponds to the second maximum of G’’ (see Figure 4.4.1). The data interpretation 
has been done based on the calculation by the LAMP-SANS software. The experimental 
scattering (Figure 4.4.6a, the enlarged version of Figure 4.4.5b) is comparable to the 
calculated pattern (Figure 4.4.6b), which is the superposition of 0.3 times the pattern 
measured at max50% (Figure 4.4.1c), 0.25 times the pattern at max116% (Figure 4.4.1e) 
and 0.45 times the polycrystalline pattern (Figure 4.4.1a). This means that the twinned fcc 
structure is shear molten forming a polycrystalline phase in the intermediate phase. Since the 
scattering pattern in Figure 4.4.6a averages over 900 oscillations during this structural 
reorganization, it is reasonable to assume that the scattering pattern is the superposition of the 
polycrystalline, the twinned fcc and the partial oriented sliding layers.  
To elucidate the dynamics of hard dumbbells under various strains, BD simulations have been 
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0.24 and eff= 0.55. They are subjected to the oscillatory shear at f = 15.30 Hz and various 
strain amplitudes with Per ranging from 0.25 to 17.5. The twinned fcc is observed at low 
strain of max = 5% and Per = 0.75, and the partially oriented sliding layers is at max = 30% 
and Per = 4.56, which agrees with the experimental results as discussed above. The simulation 
results in the intermediate phase are shown in Figure 4.4.7a for the hard dumbbells with L* = 
0.24 and eff= 0.55 after the application of oscillatory shear with f = 15.30 Hz and max = 
20%, Per = 3.04. In the simulated scattering pattern, no sharp Bragg peaks but only bright 
rings are observed, indicating a shear-distorted disordered structure. The slight spots on the 
innermost ring may indicate that a small portion of sheared hard dumbbells is partially 
ordered. The corresponding structural analysis of the sheared hard dumbbells at different 
amplitudes is shown in Figure 4.4.7b by the order and orientation parameters (Q4, W4 and 
<P2>velocity as defined in section 3.4.3). At max = 20% and Per = 3.04, Q4 and <P2>velocity are 
nearly zero which indicates that there is neither hexagonal order nor favourable orientation of 
the hard dumbbells in the intermediate phase. This finding is in accord with the experimental 
results shown in Figure 4.4.6.  
Moreover, Figure 4.4.7 displays that the bond order parameter Q4 decreases from 0.15 with 
the increasing strain amplitudes from 5% to 20% until its minimum (nearly zero), while W4 
increases correspondingly from 0.1 and reaches its plateau at max = 20% ~25%. As discussed 
above, the twinned fcc structures is observed at max = 5% and the intermediate phase of the 
sheared dumbbells is atmax = 20% ~ 25%. The corresponding orientation parameter 
<P2>velocity decreases until zero when max is increased from 5% (the twinned fcc structure) to 
20% ~25% (the intermediate phase). It means that both shear-induced hexagonal orders and 
orientations are lost in the intermediate phase. 
 




Figure 4.4.7 (a) 2D structure factors calculated by BD simulations on the hard dumbbells of L* = 0.24 and eff= 
0.55 after the application of f = 15.30 Hzand max = 20%, Per = 3.04. (b) The structure analysis at various strain 
amplitudes and fixed frequency, f = 15.30 Hz, where the twinned fcc emerges at max = 5% and Per = 0.75, the 
intermediate phase is at max = 20%, and Per = 3.04 and the sliding layers structure is at max = 30%, and Per = 
4.56. <P2>velocity presents the orientation distribution with major axis along the velocity direction, Q4 and W4 are 
the bond order parameter to describe the crystal structure. The specified definitions are described in Chapter 3. 
Both the order parameters (Q4 and W4) and the orientational parameter <P2>velocity are 
enhanced when the shear strain is increased up to max = 30% and Per = 4.56. It means that the 
partially oriented sliding layers are formed with the hard dumbbells particles being aligned 
parallel to the velocity direction. The discussion above indicates that the shear-induced 
hexagonal order and orientations of the sheared hard dumbbells vary with different strain 
amplitudes. An intermediate phase is formed during the structural evolution from the twinned 
fcc to the partially oriented sliding layers, where the sheared dumbbells are free of hexagonal 
orders and favorable orientations. As shown in Figure 4.4.1, the intermediate state 
corresponds to the second yielding event, where G’’ is at its maximum. The dissipation of 
energy during the structural reorganization as discussed above should be the reason for the 
maximum of G’’ at max ~ 60%, which corresponds to the double yielding behaviour as 
discussed in section 4.3. 
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In conclusion, the phase behaviour of the concentrated hard dumbbell suspensions has been 
investigated by rheo-SANS experiments and BD computer simulations. By rheo-SANS it is 
observed that the plastic crystal in equilibrium is polycrystalline structure. Applying an 
oscillatory shear to the suspensions in this phase one can induce five non-equilibrium 
structures with increasing strain amplitudes. Compared with the BD simulation results, they 
are identified as  
 the vorticity-alignment structure at max ~ 23.6%, 𝑃𝑒𝑟 ~ 0.24,  
 the twinned fcc structure at max = 50% and 𝑃𝑒𝑟 = 0.52,  
 the intermediate structure at max = 60%, Per = 0.62, 
 the partially oriented sliding layers at max = 116% and 𝑃𝑒𝑟 = 1.20,  
 the string structure at max = 500% and 𝑃𝑒𝑟 = 5.20.  
Presumably, the vorticity alignment results from the shear-induced alignment of the hard 
dumbbells perpendicular to the velocity direction which is probably kept until the formation 
of the twinned fcc structure. The comparable experiment and simulation results indicate that 
the hard dumbbells under increasing shear strains undergo a shear-induced structural 
reorganization from the twinned fcc to the partially oriented sliding layers of hard dumbbells. 
The twinned fcc structure is shear-melted in the intermediate phase, where a polycrystalline 
phase is observed to be formed during the structure reorganization. The twinned fcc structure 
are formed at low strain, where hard dumbbells are slightly oriented along the velocity 
direction. At high strain, the partially oriented sliding layers are formed, where the hard 
dumbbells are preferably oriented along the velocity direction. To the best of our knowledge, 
we report here the first time the shear-induced partially oriented sliding layers formed from 
the hard dumbbells with L* < 0.4.  
During the shear-induced structural reorganization, the twinned fcc structure is shear melted 
prior to the formation of the partially oriented sliding layers, yielding an intermediate 
structure that are free of hexagonal order and favourable orientations of hard dumbbells. The 
corresponding energy dissipation should be the reason for the second yielding event observed 
along the dependence of G’ and G’’ on . The structural evolution under increasing shear 
strains is the underlying mechanism for the double yielding behaviour of hard dumbbells as 
discussed in section 4.3. 
 4.4 The plastic crystalline phase and its structural evolution  
75 
 
4.4.3 Biphasic region of hard dumbbells with L* ~ 0.24  
The phase diagram in Figure 4.2.1b reveals that hard dumbbells with L* ~ 0.24 are in the 
biphasic gap with eff ranging from 0.50 to 0.56. The rheological study in section 4.3 
demonstrates that the hard dumbbells suspensions in the biphasic gap only show one yielding 
event along the dependence of G’ and G’’ on. To clarify the corresponding structural 
evolution, rheo-SANS experiments have been performed on the hard dumbbell suspensions in 
the biphasic gap under oscillatory shear with f = 1 Hz and various strains as listed in Table 
7.3.1. The DPM_a suspensions (see Table 4.1.1) at eff= 0.51 are used as the model system, 
where the plastic crystal with a fraction of ca. 20% coexists with the fluid (see Figure 4.2.1). 
Figure 4.4.8 presents the 2D experimental patterns  
a. at rest  
b. max  = 19.4% and Per = 0.16 at the end of linear viscoelastic region  
c.  max  = 50% and Per = 0.42,  
d.  max  = 60% and Per = 0.50,  
e. max  = 116% and Per = 0.97, 
f.  max  = 1000% and Per = 8.38,  
A hexagonal pattern of weak Bragg spots is observed at max = 50% (Figure 4.4.8b), while a 
second hexagonal pattern turns up at max = 116% (Figure 4.4.8e), showing a 30° shift with 
respect to the former one. The 30° shift indicates that that the hard dumbbells in the biphasic 
gap undergo the similar structural evolution to that for the plastic crystalline phase. The shear-
induced twinned fcc structure is formed at low strain (max  = 50%), which is reorganized to 
the partially oriented sliding layers at high strain (max  = 116%).  
The isotropic scattering pattern in Figure 4.4.8a reveals the fluid state of the hard dumbbell 
suspensions in the biphasic gap at rest. Figure 4.4.8b displays the scattering pattern with two 
sharp equatorial scattering spots along the velocity direction after the application of the 
oscillatory shear of max  = 19.4% and Per = 0.20. The anisotropic scattering is similar to that 
observed for the hard dumbbells in the fully crystalline phase under shear at max = 23.6% and 
Per = 0.24 (see Figure 4.4.8d). According to the discussion in section 4.4.1.2, the two sharp 
equatorial scattering spots probably correspond to a vorticity alignment structure, where the 
sheared hard dumbbells are aligned favourably in the vorticity direction. Therefore, it is 
concluded that the hard dumbbells in the biphasic gap form the shear-induced vorticity-
alignment structure at the end of the linear viscoelastic regime. 














Figure 4.4.8 2D SANS plots for the hard dumbbell suspensions in the biphasic gap with eff= 0.51 at rest (a) and 
under oscillatory shears with the fixed frequency, f = 1 Hz and various strains with amplitude: 19.4% and 𝑃𝑒𝑟  = 
0.16 (b), 50% and 𝑃𝑒𝑟  = 0.42 (c), 60% and 𝑃𝑒𝑟  = 0.50 (d), 116% and 𝑃𝑒𝑟  = 0.97 (e) and 1000%, 𝑃𝑒𝑟  = 8.38 (f). 
When the strain amplitude is increased up to max = 50%, a hexagonal plane with weak Bragg 
scattering spots is formed as shown in Figure 4.4.8c. The peak positions are determined by the 
radial integration at 0.0132 nm-1, 0.0225 nm-1 and 0.0263 nm-1, which are comparable to that 
for the plastic crystalline phase at max = 50% and 𝑃𝑒𝑟 = 0.52 (see Figure 4.4.1c). However, 
the Bragg spots are faint for the biphasic gap and the Debye-Scherrer ring is still visible. It is 
indicated that the hard dumbbells in the biphasic gap can form hexagonally orders under low 
strain, which coexist with the fluid of disorders. The two strong equatorial scattering spots 
along the velocity directions implies that the shear-induced velocity alignment formed at max 
= 19.4% and Per = 0.16 (see Figure 4.4.8b), which is maintained until max = 50% in the 
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Moreover, the formed hexagonal layers can be easily shear melted, and a four-fold hexagonal 
pattern as shown in Figure 4.4.8d is formed when the strain amplitude is increased up to 60% 
and Per = 0.50. The four-fold pattern remains stable until max = 116% and Per = 0.97 as 
shown in Figure 4.4.8e, which shows a 30° shift with respect to the pattern induced by low 
strain (see Figure 4.4.8c). This indicates that the structure of the hard dumbbells is 
reorganized from the twinned fcc to the sliding layers. Based on the radial integration by 
sectors (see Chapter 7), the peak positions are found to be the same as that for the twinned fcc 
structure as shown in Figure 4.4.8c. This four-fold scattering differs from the six-fold pattern 
(Figure 4.4.1e) observed for the shear-induced sliding layers of the hard dumbbells in the 
plastic crystalline phase. Based on the discussion in section 0, the four-fold pattern in Figure 
4.4.8e indicates the shear-induced hexagonal planes of hard dumbbells are expected to slip 
freely over another along straight lines at large strain (max = 116% and Per = 0.97). It is 
similar to the pattern observed for the hard spheres at eff < 0.58 in the freely slipping layers 
by Ackerson et al. (see section 3.4) [152, 196].  
In conclusion, the shear-induced structural evolution of the hard dumbbells in the biphasic 
gap is similar to that for the plastic crystalline phase in two main points. First, the hard 
dumbbells form the comparable vorticity-alignment structure at low strain of max = 19.4% and 
Per = 0.16 before the formation of the twinned fcc structure. Second, the hard dumbbells in 
the biphasic gap undergo the same transition from the twinned fcc to the sliding layers with 
the increasing strain amplitudes. However, no perfect periodic structure is formed from the 
hard dumbbells in the biphasic gap due to the existence of a fluid phase. As for the sliding 
layers, the shear-induced hexagonal plane of the hard dumbbells at eff= 0.51 move along 
straight lines which is different from the zig-zag path for the hard dumbbells in the plastic 
crystal at eff= 0.60. This finding agrees with that observed for the sheared hard spheres at 
various volume fractions.[152] 
 
4.4.4 Effect of L* 
The Monte Carlo simulations in Figure 1.2.2[52] (see Chapter 1) predict that the phase 
behaviour of the hard dumbbells is determined by L* and . The width of the biphasic gap 
decreases with an increase in L* (L* < 0.4). This is verified by the crystallization experiment 
in section 4.2 using the dumbbell-shaped microgels with a higher L*. Moreover, the time-
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dependent rheological measurements in section 4.2 indicate that the crystallization of the hard 
dumbbell suspensions with L* = 0.30 is slower than that of the dumbbells with the smaller L* 
= 0.24. The fully crystallized hard dumbbells with L* ~ 0.24 exhibits double yielding events 
in oscillatory shear field of 1 Hz (see section 4.3), which are related to the shear-induced 
structural evolution. The hard dumbbells with L* ~ 0.30 exhibit only one yielding event under 
the same shear. However, this system shows two yielding events as shown in Figure 4.3.3 
when the shear frequency is increased to 5 Hz or when the shear cycles are increased by five 
times at f = 1Hz (see section 4.3). To clarify the underlying structural evaluation for the hard 
dumbbell with L* ~ 0.30, rheo-SANS measurements have been performed for the DPM_b 
microgels (L* ~ 0.30 see Table 4.1.1) in the fully crystalline phase (eff= 0.60, 12.87 wt.-%, at 
15°C) under various oscillatory shear strains with f = 5 Hz. The measured strain amplitudes as 
displayed in Table 7.3.1 are chosen to elucidate the dependence of G’ and G’’ on . Figure 
4.4.9 displays a series of representative 2D experimental scattering patterns that are measured  
a. at rest  
b. max =16% and Per = 0.29 (the end of the linear viscoelastic region), 
c. max = 42.3% and Per = 0.75(the plateau for G’),  
d. max = 51.5% and Per = 0.89 (the maximum of G’’),  
e. max = 92.6% and Per = 1.62 
f. max = 300% and Per = 5.37 



























Figure 4.4.9 Yielding behaviour of the hard dumbbells with L* ~ 0.30 (the DPM b microgels) in the fully 
crystalline phase (eff= 0.60) in the oscillatory shear of 5 Hz, and the corresponding 2D scattering patterns are 
measured by SANS. Along the dependence of G’ and G’’ on various strains: (a) at rest (b) 16% (Per = 0.29, the 
end of the linear regime), (c) 42.3% (Per = 0.75 the plateau of G’, the minimum for G’’), (d) 51.5% (Per = 0.90, 
the maximum for G’’), (e) 92.6% (Per = 1.62), (f) 300% (Per = 5.37), (g) 1000% (Per = 17.84).  
The DPM_b microgels at eff= 0.60 showing Bragg reflections are determined to be in the 
plastic crystalline phase according to the experimental phase diagram in Figure 4.2.1. The 
corresponding 2D scattering pattern in Figure 4.4.9a indicates that the plastic crystals in 
equilibrium has a polycrystalline structure. The isotropic scattering pattern of the hard 
dumbbells with L* ~ 0.30 does not show visible changes with increasing strains in the linear 
viscoelastic region until Per is increased up to 0.18 (max = 10%). The scattering with the two 
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at max = 24% and Per = 0.42. When the shear strain is increased up to max = 52% and Per = 
0.75, the first six-fold pattern emerges as shown in Figure 4.4.9c, which is indexed as the 
twinned fcc structure. The intensity variation on the same ring may be explained by the shear 
alignment of the hard dumbbells parallel to the vorticity direction with a certain preference. A 
scattering pattern without indications of preferred orientations or periodic structures are 
shown in Figure 4.4.9d at max = 51.5% and Per = 0.91, which is referred to the intermediate 
phase. A further increase in shear strain induces the formation of the second six-fold scattering 
pattern (see Figure 4.4.9e) with a 30° shift with respect to the first one. The six-fold scattering 
corresponds to the partially oriented sliding layers, where the hexagonal layers move along 
zig-zag paths due to the registration of neighbouring layers. Afterwards, a four-fold scattering 
pattern as shown in Figure 4.4.9e is observed, indicating the formation of the string-like 
structure before shear melting.  
The radial integration based on different sectors by the LAMP-SANS software (see section 
7.3.4) indicates that the Bragg peaks of the two hexagonal experimental patterns emerge at q 
positions (nm-1) of 0.019, 0.033 and 0.038, which can be indexed as 1: √3: 2. The shear-
induced periodic structure formed from the DPM_b suspensions (L* ~ 0.30) is indexed to be 
identical with that from the DPM_a suspensions (L* ~ 0.24). The lattice parameter d 
calculated based on the first peak position at 0.019 nm-1 is 330.5 ± 10 nm. It is worth noting 
that d from the periodic structure of the DPM_a microgels is 472 ± 5 nm, which is 1.4 times 
of d for the DPM_b suspensions (330.5 ± 10 nm). The variation between the lattice 
parameters is ascribed to different sizes of the two model systems. As listed in Table 4.1.1, the 
radius of the DPM_a microgels (L* ~ 0.24) at 10 °C is 220.5 nm, which is ca. 1.5 times of the 
radius of the DPM_b microgels (L* ~ 0.30, RH = 147.9 nm). 
In general, the plastic crystal of hard dumbbells with L* ~ 0.30 has a polycrystalline structure 
in equilibrium, which develops into five different non-equilibrium structures with increasing 
shear strains. They are the vorticity alignment structure, the twinned fcc, the intermediate 
structure, the partially oriented sliding layers and the string structure. Therefore, the hard 
dumbbells with L* ~ 0.30 in the plastic crystalline phase undergo the same shear-induced 
structural evolution under shear with f = 5 Hz as that of the hard dumbbells with L* ~ 0.24 
under oscillatory shear with f = 1 Hz (see Figure 4.4.1). However, the oscillatory shear 
denoted by Per (the calculation of Per is done according to Eq. (3.3.5)) that is required to 
induce the corresponding structure varies with L*. Table 4.4.1 lists the shear strain that is 
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necessary to induce the non-equilibrium structures in both DPM_a suspensions with L* ~ 0.24 
and DPM_b suspensions with L* ~ 0.30 in the plastic crystalline phase. The discussed non-
equilibrium structures in Table 4.4.1 include the vorticity alignment structure, the twinned fcc 
structure, the intermediate structure and the partially oriented sliding layers. DR used for the 
calculation of Per is obtained through DLS and DDLS measurements (see Chapter 3).  
Table 4.4.1 Comparison of Per that is need for the formation of vorticity alignment structure, the twinned fcc, 
the intermediate structure and the partially oriented sliding layers in the hard dumbbells with L* ~ 0.24 and L* ~ 
0.30. DR is obtained from DLS and DDLS measurements (the principles are described in section 3.2). 
sample DR [s-1] Per (aligned) Per  (twinned fcc) Per               
(intermediate state) 
Per            
(sliding layer) 
DPM_a (L* : 0.24) 6.05 0.24 0.52 0.62 1.20 
DPM_b (L* : 0.30) 17.70 0.29 0.75 0.89 1.62 
 
For hard dumbbells with L* ~ 0.24 in the fully crystalline phase, the twinned fcc crystal can 
be formed at Per = 0.52, while Per = 0.75 is necessary for the hard dumbbells with L* ~ 0.30. 
The partially oriented sliding layers are induced by shear at Per = 1.20 in the hard dumbbell 
suspension with L* ~ 0.24 and at Per = 1.62 for the hard dumbbell suspension with L* ~ 0.30. 
In conclusion, the fully crystallized hard dumbbells with L* = 0.30 undergo the same 
structural evolution as that of L* = 0.24 in the plastic crystalline phase, but need oscillation 
higher and longer shear (denoted by Per) than the latter. It can be explained by the argument 
that the hard dumbbells with L* ~ 0.30 is closer to the glass state than that with L* ~ 0.24 for 
the same volume fraction. Thus, longer and stronger oscillations are required for the structural 
evolution due to the slowdown of the dynamics in the vicinity of the glass transition. This 




5. Thermosensitive hollow capsules  
In Chapter 4 the dumbbell-shaped microgels were applied as the model system for the 
investigation of the crystallization and phase behaviour of hard dumbbells. In this chapter, the 
dumbbell-shaped microgels are used as templates to prepare thermosensitive hollow Janus 
dumbbells. Additionally, spherical core-shell microgels are applied as templates for the 
preparation of their corresponding hollow capsules. The work of this part aims at the synthesis 
and characterization of thermosensitive hollow capsules of different shapes.  
Thermosensitive hollow capsules[197-198] have attracted a lot of interest in recent years. These 
systems have been widely used as carriers in catalysis[199] and for the controlled delivery of 
encapsulated materials.[89, 91] Up to now, different methods have been developed to fabricate 
the thermosensitive hollow capsules mainly based on poly (N-isopropylacrylamide) (PNIPA) 
and its copolymers.[200-201] The layer by layer (LbL) approach invented by Decher et al. is one 
of the most popular methods to fabricate hollow capsules.[202-203] Möhwald and his co-workers 
further extended this method for the development of thermosensitive hollow capsule systems 
based on copolymers containing a PNIPA block.[204] However, the thermosensitivity of the 
resulting hollow capsules is only partially reversible. Recently, the template strategy based on 
core-shell precursors has been applied to fabricate the porous structure and hollow 
spheres.[198, 200, 205-206] A series of spherical hollow capsules have been prepared based on this 
approach, which are mainly applied as carriers in drug delivery with controlled release.[89, 197, 
207] For example, Wu et al. have demonstrated that the release rate of the loaded materials in 
the thermosensitive PNIPA semi-hollow spheres is related with the environmental temperature 
and the shell thickness.[207]  
However, to date only rare examples of anisotropic hollow capsules[208] have been reported 
despite the fact that the anisotropic shape might be useful for the applications as carrier 
systems. For example, non-spherical synthetic carriers are reported to possess distinct 
advantages in the applications for targeted drug delivery.[92, 209-210] Thus, we present in this 
work the first report on the synthesis and analysis of the thermosensitive dumbbell-shaped 
hollow capsules.  
In this chapter, monolayer and bilayer thermosensitive hollow spheres have been prepared 
based on the template strategy by dissolving the polystyrene cores in THF. Subsequently, we 
extend the template strategy to synthesize hollow Janus dumbbells using the respective 
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templates. A comprehensive characterization including transmission electron microscopy 
(TEM), cryo-TEM and dynamic light scattering (DLS), has been performed. Special emphasis 
is put on the morphology and thermosensitivity of hollow capsules thus obtained.  
5.1 Hollow spherical capsules 
5.1.1 Thermosensitive hollow spheres 
Two different thermosensitive hollow spheres based on the PNIPA network crosslinked by 
N,N′-methylene-bis (acrylamide) (BIS) have been synthesized via the template strategy as 
shown in Figure 5.1.1. The route described in the upper part results in the monolayer hollow 
capsules, while the one in the bottom part leads to the bilayer hollow capsules. To prepare the 
monolayer hollow capsules, the crosslinked PNIPA shell is attached onto the surface of 
polystyrene (PS) seeds followed with the removal of the PS cores via the THF treatment.  
 
Figure 5.1.1 Schematic figure of hollow capsules produced by the template-based approach, the upper part 
represents the procedure for the monolayer hollow spheres, while the routine shown in the lower part leads to the 
bilayer hollow capsules.  
In case of the bilayer hollow capsules, PS seeds are first coated with a copolymer layer of 
styrene and 3-(trimethoxysilyl) propyl methacrylate (MPS).[167] A hybrid copolymer structure 
with an organic-inorganic network is expected to be formed onto the surface of the PS spheres 
from the hydrolysis and condensation of the trimethoxysilyl groups of MPS monomers.[167] 
Then a cross-linked PNIPA shell is attached onto the surface of the modified PS seeds. 
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Finally, the THF treatment is applied to remove the PS cores, which results in the bilayer 
hollow spheres.  
5.1.2 Monolayer hollow spheres 
 
Figure 5.1.2 (a) TEM micrograph and (b) height image from SFM characterization of the monolayer hollow 
spheres in dry state, (c) shows the cross-section along the solid red line marked in (b), the two arrows indicate 
the starting and ending points along the solid line. SFM samples are prepared using Mica as substrates via spin 
coating at a speed of 70 rpm. Schematic figure (d) is to illustrate the deformation of hollow capsules in the 
drying process for the sample preparation.  
The TEM micrograph in Figure 5.1.2 demonstrates that the spherical morphology of the 
monolayer hollow capsules is maintained after the removal of PS cores. The height image in 
Figure 5.1.2b shows the comparable surface morphology as that observed in the TEM image. 
The cross section in Figure 5.1.2c along the solid line marked in Figure 5.1.2b reveals a 
‘pancake’ surface morphology of the capsules with a diameter of ca. 300 nm and a height of 
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ca. 7 nm. The hollow structure is ascribed to the formation of the ‘pancake’ surface 
morphology, which makes the capsules collapsed onto the substrate during the sample 
preparation. The deformation process of the monolayer hollow capsules during the sample 
preparation is shown schematically in Figure 5.1.1d. With the evaporation of water during the 
sample preparation, the monolayer hollow capsules are collapsed gradually onto the substrate 
and finally get deformed into the ‘pancake’ morphology.  
To investigate the structure of the hollow capsules in situ, cryo-TEM measurements have been 
performed by vitrifying the suspension of the particles. It is worth noting that the hollow 
capsules are not visible in the cryo-TEM image without staining due to the low contrast of the 
PNIPA shell against water in the swollen state. Sodium phosphotungstate[211] is therefore used 
to stain the particles to enhance the contrast between the sample and the medium. Figure 
5.1.3a displays that a well-defined hollow structure can be observed for the monolayer hollow 
capsules dispersed in 1.7 mM sodium phosphotungstate. The hollow capsules are 
monodisperse and no aggregation is observed. Additionally, no free residual polymer can be 
found in the medium, indicating the high effectiveness of the removal of PS cores by THF.  
 
Figure 5.1.3 Cryo-TEM images of hollow spherical capsules stained by different sodium phosphotungstate 
concentrations (a) 1.7 mM, (b) 3.4 mM, and (c) 6.8 mM, respectively. The aim of sodium phosphotungstate is to 
enhance the contrast between sample and medium.  
To clarify the effect of sodium phosphotungstate on the morphology of hollow capsules, a 
series of salt concentrations are used to stain hollow spheres as shown in Figure 5.1.3. 
Partially deformation can be found for some of the hollow capsules stained by 3.4 mM 
sodium phosphotungstate (see Figure 5.1.3b), while the monolayer hollow capsules are 
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completely deformed when they are dispersed in 6.8 mM sodium phosphotungstate as shown 
in Figure 5.1.3c.   
DLS measurements have been performed to investigate the dimensional information of the 
stained monolayer hollow capsules which can be compared with the results of cryo-TEM 
measurements. The results are summarized in Table 5.1.1. More than 200 particles are 
counted from cryo-TEM images for each salt concentration to obtain the average radius. As 
shown in Table 5.1.1, the particle size of the monolayer hollow capsules determined from the 
DLS measurements is comparable to that from the cryo-TEM characterization within 
experimental error. Moreover, it is found that the staining process with sodium 
phosphotungastate at concentrations up to 1.7 mM has nearly no effect on the size of the 
hollow capsules. When the stained salt concentration is above 1.7 mM, RH, however, decreases 
markedly with the increase of the stained salt concentration. This finding also accords with 
the results from the cryo-TEM measurements.  
Table 5.1.1 Dimensional information of the hollow capsules at 20 °C with various sodium phosphotungastate 
salt concentrations, determined by DLS measurements and cryo-TEM images (estimated radius). 
Stained Salt [mM] Viscosity [pa*s]1 DT [10-12 m2*s-1]
 2
 RH [nm] (DLS) R [nm] (cryo-TEM) 
0 1.01 E-3 1.40 153 --- 
1.7 0.99 E-3 1.36 159 146 
3.4 1.00 E-3 1.60 135 135 
6.8 1.01 E-3 1.89 112 119 
1 
Measured by Antoparr Rheometer 301 with DG 26.7/T2007AL geometry at 20 °C. 
2
 DT is the translational diffusion resulted from the DLS measurements at 20 °C. 
Thus, the cryo-TEM image of the monolayer hollow capsules stained by 1.7 mM sodium 
phosphotungstate represents the morphology of the monolayer hollow capsules in solution. As 
displayed in Figure 5.1.3a, the monolayer hollow capsules maintain the spherical morphology 
with a hollow structure after the removal of PS cores. The slight irregularity of morphology 
observed in Figure 5.1.3a maybe due to the fluctuation of the PNIPA shell.[212]  
To investigate the thermosensitivity of the monolayer hollow spherical capsules, DLS 
measurements have been performed at different temperatures. The temperature dependence 
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of hydrodynamic radius of the microgels before and after the removal of PS is summarized in 
Figure 5.1.4.  
 
Figure 5.1.4 The dependence of R
H
 on temperature for the spherical microgels with PS cores (filled triangles) 
and the monolayer hollow spherical capsules after the removal of PS cores. Upwards triangles denote the 
dependence of R
H
 on increasing T, while downwards triangles indicate that on decreasing T.  
The monolayer hollow capsules after the removal of PS show a thermosensitive property with 
LCST at ca. 32 °C, which is similar to that of corresponding spherical microgels before the 
removal of PS cores. Moreover, the swelling and de-swelling behaviour of the monolayer 
hollow capsules is reversible with increasing and decreasing temperatures. It is interesting to 
note that R
H
 of the hollow capsules are larger than that of the spherical microgels at T < 
LCST, but much smaller for T > LCST. This demonstrates that hollow capsules can swell and 
shrink to a larger extend than the spherical core-shell microgels before the removal of PS 
cores. Combined with the thermosensitivity, the hollow structure may be advantageous for 
applications as e.g. carriers for delivery of drugs with controlled release.[89, 213]  
5.1.3 Bilayer hollow spheres 
For the preparation of the bilayer hollow spheres, core-shell microgels with PS seeds coated 
with a thin layer of poly (styrene-co-MPS) has been prepared first. Subsequently, the core is 
removed as schematically described in Figure 5.1.1. E. Bourgeat-Lami et al. have synthesized 
such poly (styrene-co-MPS) layers with the organic-inorganic network to prepare Si-OH 
functionalized latex.[167] Because of the hydrolytically cross-linked methoxysilyl group of the 
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5.1.2 has shown that the cross-linked PNIPA is stable in THF and the dissolved PS can pass 
through its network. In this section, THF is also chosen to prepare the bilayer hollow 
capsules. TEM measurements have been carried out to investigate the morphology of the 
purified bilayer hollow capsules as shown in Figure 5.1.5.  
 
Figure 5.1.5 TEM micrograph of the purified bilayer hollow spherical capsules. The sample is prepared on the 
copper grids.  
The TEM image in Figure 5.1.5 reveals that the bilayer hollow capsules in the dry state are 
partially deformed. The morphology for the bilayer capsules is very different from the 
‘pancake’ morphology of the monolayer hollow capsules shown in Figure 5.1.2. This 
difference indicates a higher mechanical stability of the poly (styrene-co-MPS) hollow 
spheres as compared to the pure PNIPA-shells. The observed deformation of the particles, 
however, indicates that the poly (styrene-co-MPS) layer is not hard enough to maintain the 
perfect spherical morphology of the bilayer hollow capsules in a dry state. Based on the DLS 
measurements, the radius of PS seeds is 63.7 nm and that of the PS-MPS seeds is 73.6 nm. 
The thickness of the copolymer layer is determined to be ca. 10 nm. This thin copolymer layer 
can be thus partially deformed (see Figure 5.1.5) by the collapsed PNIPA shell during the 
drying process.  
Cryo-TEM measurements have been performed to investigate the morphology of the bilayer 
hollow capsules in solution as displayed in Figure 5.1.6. Based on the cryo-TEM image in 
Figure 5.1.6, the bilayer spherical capsules are observed to have a well-defined core-shell 
structure. The cross-linked PNIPA shell is well maintained with its spherical morphology. The 
core inside, which can be seen clearly in the enlarged inset in Figure 5.1.6, is a hollow sphere 
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but with some deformation. As discussed above, it corresponds to the poly (styrene-co-MPS) 
layer with a thickness of ca. 10 nm, and thus is sensitive to the external force. The observed 
deformations are probably due to the swelling of the PNIPA shell at room temperature. As 
described in Chapter 7, the PNIPA shell has been fabricated at 80 °C by the seeded 
polymerization[29]. We assume that the PNIPA shell at that temperature is in the equilibrium 
state, where the hollow core is expected to show a regular spherical morphology without 
deformations. The cryo-TEM measurements at high temperature, however, have not been 








Figure 5.1.6 Cryo-TEM micrograph of the bilayer hollow capsules at room temperature (T: ca. 25 °C) in water, 
the inset shows one single particle of higher magnification. The image proves that the bilayer hollow capsule 
have a core-shell structure with the hollow sphere as core.  
The DLS measurements have been performed to investigate the size of the bilayer hollow 
capsules at different temperatures as shown in Figure 5.1.7. It demonstrates that the removal 
of PS cores casts nearly no effect on the thermosensitivity of the bilayer hollow capsules. The 
hydrodynamic radius of the bilayer hollow capsules is comparable to that of their spherical 
microgels with PS-MPS cores. Moreover, the morphology of the bilayer hollow capsules is 
well-kept owing to the much harder copolymer layer. The copolymer hollow spheres have the 
silanol groups on their surfaces that can be easily modified by reactions with various silane 
reagents or grafting of other metal oxides (e.g. TiOx[214]). 
100 nm 




Figure 5.1.7 Temperature dependence of the bilayer hollow capsules (BHS) and the corresponding spherical 
microgels (BSM), the measured temperature ranges from 10 °C to 50 °C.  
In conclusion, the selective removal of PS cores via THF can be used to prepare both 
monolayer and bilayer hollow spherical capsules. DLS measurements indicate that the 
thermosensitivity of the hollow capsules are well maintained with the reversible swelling-
shrinking behaviour. The monolayer hollow capsules can swell and shrink over a larger 
volume after the removal of PS cores. However, the bilayer hollow capsules show the same 
dependence of the radius on temperature as that of the microgels with PS cores. Due to the 
well-defined morphology, the monolayer and bilayer hollow capsules can probably serve as 
model system to investigate the phase behaviour of capsule systems. Moreover, the thin 
copolymer hollow sphere of the bilayer hollow spheres with silanol groups on their surfaces 
may be used for possible applications, for example as nano-reactors.[214] 
5.2 Hollow Janus dumbbells  
5.2.1 Thermosensitive hollow Janus dumbbells   
The template strategy used for the preparation of hollow spheres is applied in this section to 
prepare thermosensitive hollow Janus dumbbells (see Figure 5.2.1). Here the dumbbell-
shaped microgels are used as the template system, which are prepared as schematically shown 
in Figure 4.1.1. It is demonstrated that the PS cores are selectively dissolved in THF. The 
work in section 5.1 indicates that the copolymer layer coated on to the surface of one sphere 
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network allows the dissolved polystyrene to diffuse through. The PS of the dumbbell-shaped 
cores can thus be removed by THF, resulting in well-defined and monodisperse hollow Janus 
dumbbells with thermosensitivity. The detailed recipe for the preparation of the hollow Janus 
dumbbells is described in the experimental part in Chapter 7. 
 
Figure 5.2.1 Preparation procedures for the thermosensitive hollow Janus dumbbells through THF treatment. 
The template is the dumbbell-shaped microgel system with a cross-linked PNIPA shell attached on the dumbbell-
shaped core, which is prepared as schematically shown in Figure 4.1.1. The red circle displays the poly(st-co-
MPS) copolymer layer that is fabricated to facilitate the growth of the second sphere for the dumbbell-shaped 
core.  
5.2.2 Dissolution of Janus dumbbell-shaped core  
The dumbbell-shaped microgels consisting of a dumbbell-shaped PS core and a cross-linked 
PNIPA shell are used as the template to prepare hollow Janus dumbbells. The dumbbell-
shaped core particles, as displayed in Chapter 4, are synthesized by the phase separation 
method and have a Janus-type structure.[55] TEM images in Figure 4.1.2 display that they are 
homogeneous by means of the overall size and their aspect ratio. Moreover, the fused spheres 
in one dumbbell-shaped core particle are nearly identical in size. The cryo-TEM image in 
Figure 4.1.3 demonstrates that the dumbbell-shaped core particles consist of two partially 
fused spheres with different structures: one side is homogeneously spherical while the other 
side reveals a core-shell structure. The shell of the core-shell sphere corresponds to the poly 
(styrene-co-MPS) layer which is fabricated in the synthesis routine as schematically shown in 
Figure 4.1.1. In the following, the dissolution process of the Janus-type dumbbell cores using 
THF will be discussed in detail since this process is a crucial step for the generation of hollow 
PNIPA Janus microgels.  











Figure 5.2.2 TEM images of the dumbbell-shaped core particles after (a) the first cycle of cleaning and (b) the 
final cycle of cleaning. 
 
We first treat the dumbbell-shaped core particles with THF. This leads to the formation of 
hollow spheres as shown by TEM analysis (see Figure 5.2.2). These spheres indicate that the 
pure PS sphere can be easily dissolved in THF while the copolymer hybrid shell remains its 
spherical morphology. The dissolution of PS is not complete after the first cycle cleaning with 
THF, which can be deduced by PS leftover around the spherical particles as observed in 
Figure 5.2.2a. By monitoring the cleaning process after each cycle it is found that in total 
thirty runs of centrifugation, decantation and re-dispersion are necessary to achieve complete 
removal of the core material. No traceable amounts of polymer have been found around the 
spherical particles anymore after this procedure (see Figure 5.2.2b). The cleaning process 
finally leads to the formation of spherical particles showing a rather low contrast in TEM 
(Figure 5.2.2b). These spherical particles correspond to the thin hybrid shells of poly (styrene-
co-MPS) copolymer, which are fabricated for the synthesis of dumbbell-shaped cores (see 














Figure 5.2.3 (a) Cryo-TEM micrograph of dumbbell-shaped core after the removal of PS via THF and the solid 
line marks the radial direction, and (b) corresponding gray profile along radial direction.  
To address this point in further detail, the particles are vitrified after the removal of the PS 
core directly in THF for the cryo-TEM measurements. The obtained image and the 
corresponding gray profile are summarized in Figure 5.2.3. A cryo-TEM micrograph of a 
particle vitrified in THF (Figure 5.2.3a) indicates a spherical particle with a hollow structure 
after the removal of PS via THF from the dumbbell-shaped core. The hybrid shell of the 
resulting hollow sphere exhibits only ca. 10 nm thickness and is difficult to discern from the 
background. Nevertheless, the grey scale profile along the center of the particle (see Figure 
5.2.3b) clearly exhibits a hollow structure of the copolymer sphere. We therefore conclude 
that the poly (styrene-co-MPS) copolymer layer cannot be dissolved by THF whereas pure PS 
from the inner part is able to diffuse through this layer, resulting in the hollow spheres. This is 
in accord with the findings already reported in section 5.1. The insolubility of the hybrid shell 
is due to the hydrolytically cross-linked methoxy silyl groups of MPS copolymer. The 


































Figure 5.2.4 (a) SFM height image of the dumbbell-shaped core after the removal of PS via THF and (b) the 
corresponding cross section along the solid line in (a), showing different collapse state of isolated (marked by 1 
and 3) and agglomerated particle (marked by 2) in the dried state. 
Further details can be deduced from SFM measurements. Figure 5.2.4a displays the SFM 
height image of a selected area demonstrating two different morphologies of particles on the 
surface. The isolated particles have mostly pancake like morphology. The one exemplified in 
Figure 5.2.4a (marked by 1) has the height of ca. 70 nm and diameter of ca. 280 nm. The 
upper limit of the tip broadening by the conical tip can be estimated as 𝑡𝑎𝑛(𝛼)ℎ, where h is 
the height of the object and 𝛼 is the cone opening, which is 50 nm for the tips we used. 
Substantial flattening of isolated particles on the surface indicates their hollow nature. 
Particles in clusters exhibit typically donut or red blood cell topography (marked by 2 in 
Figure 5.2.4a). Some isolated particles are slightly deformed, as the one exemplified in Figure 
5.2.4a (marked by 3). SFM measurement demonstrates that single, hollow particles lying dry 
on the substrate collapse resulting in the pancake surface morphology because that the thin 
shell of hollow spheres cannot support their spherical morphology. In a more dense packing, a 
supporting of the wall by neighbouring  hollow particles results in donut or red blood cell 
topography.   
5.2.3 Hollow Janus dumbbells 
The effective cleaning procedure via THF now facilitates the preparation of thermosensitive 




























 Thus, thermosensitive hollow Janus dumbbells are prepared using dumbbell-shaped 
microgels as a template using THF to remove PS, as shown in Figure 5.2.1.  
Figure 5.2.5 displays the surface morphology of the thermosensitive hollow Janus dumbbells 
in the dried state as investigated by SFM (a) and TEM (b). The SFM height image reveals 
dumbbell-shaped particles with one sphere obviously having a larger height (brighter color) 
than the other. This is due to the hollow copolymer sphere from the dumbbell-shaped core 
after the removal of PS via THF as described above. This finding is verified by TEM 
micrographs shown in Figure 5.2.5b. The dumbbell-shaped particles are clearly visible having 
one side with a high contrast due to the copolymer layer and one rather light colored part that 








Figure 5.2.5 (a) Height image from SFM measurements and TEM (b) images of the thermosensitive hollow 
Janus dumbbells resulted from the removal of PS from the dumbbell-shaped microgels. The inset in (b) shows 
one particle of higher magnification measured by TEM. Both images clearly indicate the Janus structure of 
hollow dumbbells.  
Cryo-TEM measurements of the dumbbell-shaped, hollow Janus capsules are shown in Figure 
5.2.6 demonstrating that the dumbbell-shaped morphology of the PNIPA network is well 
maintained after the removal of PS. This shows that PS can be effectively removed from the 
dumbbell-shaped core particles through the PNIPA network without destroying the network. 















Figure 5.2.6 Cryo-TEM image of the thermosensitive hollow Janus dumbbell-shaped capsules and the sample 
preparation was done at 20 °C. The image proves the Janus character of the particles showing a hollow side of 
the microgel (light gray) and partially hollow part (dark gray) composed of PNIPA shell and poly (styrene-co-
MPS) copolymer layer. 
DLS and DDLS can now be used to investigate the change of the size of the thermosensitive 
hollow Janus dumbbells with temperature. Rotational and translational diffusion coefficients 
of the hollow PNIPA microgels were measured by DDLS in a temperature regime from 10 °C 
to 25 °C. In order to screen the electrostatic interactions from possible residual charges from 
the synthesis, the Janus dumbbells were dispersed in 50 mM KCl solution. As shown in 
Figure 5.2.7a, the autocorrelation function includes two discrete exponential decays. The slow 
relaxation mode characterizes the translational motion (slow = D
Tq2) and the fast mode is 
related to the rotational motion (fast = D
Tq2 + 6DR).[88] A very weak third mode can be 
observed at some low angles which may be due to the fluctuation of the PNIPA network[212]. 
Figure 5.2.7b displays the corresponding relaxation process plotted as a function of the square 
of the scattering vector. The slow mode measured from DLS is comparable to that from 
DDLS within experimental error. Based on the slow mode, the translational diffusion 
coefficient D
T
 can be calculated. Our work on the dumbbell-shaped microgels in Chapter 4 
showed that the resulting rotational diffusion of the dumbbell-shaped microgels has a rather 







 of dumbbell-shaped PS cores due to the reliable signal. Thus, the radius of one 
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sphere and center to center distance L can be calculated with accuracy. Combined with the 
fixed length L, D
T 
at various temperatures can provide reliable calculation for dimensional 
information. The resulting D
T 
of the hollow Janus dumbbells at temperatures of 10 °C, 20 °C 







Figure 5.2.7 (a) DDLS-relaxation time distributions (CONTIN-plots) calculated from the 
intensity autocorrelation functions for hollow Janus dumbbells in 50 mM KCl solution at 
20 °C. From scattering angle θ = 20° (solid line in panel a) to θ = 30° (dashed line in panel a). 
(b) The corresponding relaxation processes are plotted as a function of the square of the 
scattering vector (q
2
) showing DLS slow mode (open circles) for hollow Janus dumbbells, 
DDLS slow mode (filled triangles) and DDLS fast mode (open triangles). The solid line is the 
linear fitted data according to the corresponding mode.  
Table 5.2.1. Characterization of hollow Janus dumbbells and the comparison with that of dumbbell-shaped 
microgels, experimental diffusion coefficients DT measured from both DLS and DDLS experiments. 
Sample 
DTDLS 10 °C 
[10-12m2s-1]  
DTDLS 20 °C 
[10-12m2s-1] 
DT DDLS 20 °C 
 [10-12m2s-1]  








0.64±0.02 0.95±0.01 0.90±0.01 1.17±0.01 
 
This comparison demonstrates that DT of the hollow Janus dumbbells differs only by 5% from 
that of the dumbbell-shaped microgels. This difference is within the experimental error. It 
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of the dumbbell-shaped microgels before the removal of PS core. Hence, the dumbbell shape 
imposed by the core is well kept for hollow Janus dumbbells. This is in agreement with the 
cryo-TEM image shown in Figure 5.2.6. 
 
Figure 5.2.8 Temperature dependence of hydrodynamic radius of one sphere in the dumbbell-shaped microgels 
(filled circles) and hollow Janus dumbbells after the removal of PS core (empty circles). With RH decreases with 
increasing T, and L* increases correspondingly, marked by empty triangles. Temperature ranges from 10 to 50 
°C, dumbbell-shaped microgels dispersed in salt free water before and after the removal of PS show comparable 
thermo-responsive property. 
The analysis of DT as the function of temperature shows that RH of the hollow Janus  
dumbbells have a similar temperature dependence as the dumbbell-shaped microgels. Thus, 
the shell thickness decreases linearly with increasing temperature (T from 10 °C to 22.5 °C). 
When T is above LCST, the shell shrinks further and the thickness decreases from ca. 140 nm 
at 10 °C to ca. 50 nm at 45 °C, leading to the aspect ratio increased from 0.21 to 0.38 as 
shown in Figure 5.2.8. Hence, the DDLS measurements demonstrate that hollow dumbbells 
maintain the thermosensitivity after the removal of PS. 
In conclusion, homogeneous thermosensitive hollow Janus dumbbells have been synthesized 
for the first time. They exhibit a well-defined Janus structure with two partially fused hollow 
PNIPA spheres. One PNIPA sphere is hollow while the other has a hollow core with a hybrid 
wall consisting of the copolymer of PS and PMPS with a thickness of ca. 10 nm. DLS and 
DDLS measurements prove that hollow Janus dumbbells exhibit a thermosensitivity 
comparable to the dumbbell-shaped microgels. Hence, the radius and aspect ratio of hollow 
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hollow dumbbells can use a model system to study phase behaviour  of anisotropic capsule 
systems. 
Additionally, the work of this part opens the way to a wide variety of Janus structures and 
applications. The hollow hybrid sphere core in one PNIPA sphere has silanol groups on its 
surface
[35, 167]
 and surface modifications can easily be provided by reactions with various 
silane reagents or grafting of other metal oxides (e.g. TiOx
[214]
). Moreover, the two different 




6. Summary and outlook 
The work of this thesis aims to investigate the phase behaviour of hard dumbbells as a 
function of aspect ratio, L*, and volume fractions. Thermosensitive dumbbell-shaped 
microgels consisting of a dumbbell-shaped polystyrene (PS) particle as core and a 
thermosensitive poly(N-isopropylacrylamide) (PNIPA) network as shell have been used as a 
model system of hard dumbbells in this study. Using the model system with L* ~ 0.24 and L* 
~ 0.30, the phase behaviour of the hard dumbbells have been investigated in different phases.  
 First, the model system of hard dumbbells has been successfully synthesized and 
characterized by methods of TEM, cryo-TEM, DLS and DDLS. The model systems are 
highly monodisperse, which can form plastic crystals indicated by Bragg reflections. The 
visual evidence for the crystallization has been further supported by the rheological 
measurements. The experimental phase diagrams of the hard dumbbells with L* ~ 0.24 
and L* ~ 0.30 are comparable to the prediction of the Monte Carlo (MC) simulations.
[52-53]
 
Moreover, the coexistence width for the biphasic gap decreases with an increase of L* 
from 0.24 to 0.30.  
 In the second part of the thesis, the yielding behaviour of hard dumbbells in different 
crystalline phases has been explored by the viscoelastic measurements. The hard 
dumbbells in the biphasic gap show one single yielding event under increasing oscillation 
shear. However, the fully crystallized hard dumbbells exhibit the double yielding 
behaviour along the dependence of storage modules (G’) and loss modules (G’’) on 
increasing shear strains, which is found to be related with crystallizations.  
  In the next step, rheo-SANS experiments have been carried out to investigate the 
equilibrium and nonequilibrium structure of the plastic crystal that corresponds to the 
double yielding behaviour of the hard dumbbells. The experimental results are compared 
with the BD simulations performed by Nils Heptner
[132]
 to elucidate the dynamics of 
sheared hard dumbbells. The experimental results reveal that the plastic crystal in 
equilibrium is polycrystalline, which evolves into five different non-equilibrium 
structures with increasing shear strains. The vorticity-alignment structure is firstly formed 
at the end of the linear viscoelastic region, which may correspond to the alignment of 
hard dumbbells perpendicular to the velocity direction. The twinned fcc structure is 
formed at low strain (Per ~ 0.5) with a close packed direction perpendicular to the 
velocity direction. An increase in the applied shear strain can shear melt the twinned fcc, 
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yielding an intermediate structure prior to the formation of the partially oriented sliding 
layers at high strain (Per > 1). A string-like structure is observed before complete shear 
melting of the shear-induced hexagonal layers. The twinned fcc structure, the 
intermediate structure and the partially oriented sliding layers structure have been 
observed by the BD simulations. Combined with the shear-induced microstructural 
evolution, the orientations of hard dumbbells are changed as well by the increasing shear 
strains. The orientations of the hard dumbbell particles along the velocity and vorticity 
directions are preferred for the twinned fcc structure. However, the hard dumbbells are 
favorably oriented parallel to the velocity direction at high strain for the partially oriented 
sliding layers. Moreover, an intermediate structure without favorable orientation and 
hexagonal order is formed during the structure reorganization from the twinned fcc to the 
partially oriented sliding layers. The formation of the intermediate structure corresponds 
to the second yielding event. 
 Additionally, the comparison between the phase behaviour at L* ~ 0.24 and L* ~ 0.30 
indicates that the hard dumbbells in the plastic crystalline phase with various L* (L*< 0.4) 
exhibit a comparable structural evolution under oscillation. However, more extensive and 
longer oscillations are needed to induce hexagonal orders for the hard dumbbells with a 
larger L* since it is closer to the glassy state. 
 In the last part, we extend this study to the hollow Janus dumbbells that are fabricated 
using the dumbbell-shaped microgels as templates. In addition, the monolayer and bilayer 
hollow spheres have been prepared as well from their respective microgel templates. A 
comprehensive characterization including TEM, SFM, cryo-TEM, DLS and DDLS has 
been carried out to investigate this series of hollow capsules. These hollow capsules can 
be used as model systems to investigate the phase behaviour of capsule systems. 
In conclusion, this thesis provides a comprehensive investigation on the phase behaviour of 
the hard dumbbells with L*< 0.4. The experiment phase diagrams verify the theoretical 
prediction of MC simulations at L* ~ 0.24 and L* ~ 0.30. The structure analysis of the plastic 
crystal and its structural evolution under oscillation shear offer an underlying interpretation 
for the yielding behaviour of hard dumbbells. This study is of great importance for the further 
work in creating novel crystal structures from anisotropic colloids. Moreover, the hollow 
capsules of different morphology provide access to the study on the phase behaviour of 
capsules systems.   
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7. Experimental  
7.1 Materials  
Sodium dodecyl sulfate (SDS) (Fluka), potassium persulfate (KPS) (Fluka), 3-
(trimethoxysilyl) propyl methacrylate (MPS) (Sigma-Aldrich), 4-styrenesulfonic acid sodium 
salt hydrate (NaSS) (Sigma-Aldrich), 2,2’-azobis (2-methylpropionitrile) (AIBN) (Sigma-
Aldrich), N-isopropylacrylamide (NIPA) (Sigma-Aldrich), N,N′-methylenebis (acrylamide) 
(BIS) (Sigma-Aldrich), deuterium oxide (> 99%) (D2O) (Sigma-Aldrich) and tetrahydrofuran 
(THF) (Sigma-Aldrich) were used as received, styrene (Sigma-Aldrich) was purified by 
inhibitor remover (Sigma-Aldrich). Millipore water used was purified by reverse osmosis 
(MilliRo; Millipore) and ion exchange (MilliRo; Millipore).  
7.2 Synthesis procedures  
7.2.1 Synthesis of the core-shell spherical microgels   
7.2.1.1 Polystyrene spherical seeds 
The synthesis of PS spherical seeds was performed in a 1 L three-necked glass flask through 
conventional emulsion polymerization.[29] First, 0.42g SDS was firstly dissolved in 275 mL 
water under stirring at 200 rpm, which was controlled by a mechanical stirrer (EUROSTAR). 
Next, 30g styrene was charged into the reactor under stirring. After a complete mixture 
(stirring for 20 minutes), 0.3g KPS dissolved in 25 mL H2O was added into the mixture. The 
reaction was done under nitrogen atmosphere and the temperature was controlled at 70 °C. PS 
cores used as seeds for the preparation of the core-shell spherical microgels were cleaned 
through dialysis for 3 days with Millipore water.  
7.2.1.2 Core-shell polystyrene spherical seeds 
Using spherical PS seeds, a copolymer layer of styrene and MPS was coated onto the surface 
of PS seeds via the seeded emulsion polymerization,[167] which aimed to facilitate the growth 
of the second sphere for the dumbbell-shaped cores.[55] The core-shell PS spheres are referred 
as PS-MPS spheres. During this step, 166.8 g of PS latex with (solid content: 7.94 wt.-%) was 
diluted with 50 mL H2O in a 1 L three-necked glass flask that was used as the reactor. Then 
1.25g MPS and 0.08 AIBN were dissolved in 12.53 g styrene, which was charged into the 
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reactor under stirring at 250 rpm. 20 minutes later, the reaction was started by increasing the 
temperature to 70 °C under nitrogen atmosphere. 8 hours later, the reaction was finished and 
the latex was cooled to the room temperature. The resulting PS-MPS cores were purified via 
dialysis for 3 days against Millipore water. The water was changed twice one day to remove 
the possible residual monomer and the extra stabilizer  
7.2.1.3 Core-shell spherical microgels 
The core-shells spherical microgels were synthesized in this step by attaching a shell of 
PNIPA network cross-linked by BIS onto the surface of spherical cores through the seeded 
emulsion polymerization.[31, 215] Here we prepared two types of core-shell spherical microgels: 
one has the pure PS spherical seeds (section 7.2.1.1) as core, while the other one is with the 
core-shell PS-MPS spherical seeds (section 7.2.1.2) as core. The two types of core-shell 
spherical microgels were prepared following the same procedure described as below.  
First, 2 L three-necked glass flasks were used as the reactor. For the first type of spherical 
microgels, 98.10 g (weight content: 8.03.-wt% g) PS core latex was mixed with 231.90 mL 
water containing 8.36 g PNIPA and 0.57 g BIS. For the second type of spherical microgels, 
162.5 g (weight content: 4.85wt.-%) PS-MPS spherical seeds core latex was charged into the 
reactor and then mixed with 177.50 mL water containing 8.36 g PNIPA and 0.57 g BIS. After 
a complete mixture (stirring for ca. 20 minutes), 0.3 g KPS dissolved in 10 mL H2O was 
charged into the reactor under nitrogen atmosphere. The reaction started by increasing the 
temperature to 80 °C, and ran for 4.50 hours.  
The core-shell microgels were purified by ultrafiltration to remove all possible traces of free 
polymers in the aqueous suspension of microgels. The ultrafiltration was carried out in 0.75 L 
serum replacement cells with membranes on their bottoms. The membranes based on 
cellulose nitrate (Schleicher & Schuell and Millipore) with pore sizes of 200 nm were used to 
remove the dissolved polymers, possible ions, and excess surfactant. The serum replacement 
cell was filled with ca. 500 mL microgels dispersions, and the serum replacement against 
Millipore water was carried out at an overpressure of nitrogen of 1.2 Par. The purification 
progress lasted until the conductivity of serum was equal to that of the pure Millipore water 
(1.0 µS/cm, measured by the conductivity meter from WTW). In general, the purification 
process took ca. 1 month and needed ca. 40 L Millipore water. 
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7.2.2 Synthesis of the dumbbell-shaped microgels 
7.2.2.1 Dumbbell-shaped PS core 
Table 7.2.1 Specified recipe for the synthesis of dumbbell-shaped PS core particles: The PS-MPS sphere is the 
PS seeds with a copolymer layer of PS and MPS attached onto its surface. The copolymer aimed to facilitate the 
growth of the second sphere of the dumbbell-shaped core particles.  




m (SDS) [g] 0.42 0.45 
m (KPS) [g] 0.31 0.30 
m (styrene) [g] 30 30 




m (PS) [g] 166.8 of 7.94 wt.-% 187.6 of 7.06wt.-% 
m (styrene) [g] 12.53 12.53 
m (MPS) [g] 1.25 1.25 
m (AIBN) [g] 0.08 0.08 




m(PS/MPS)[g] 138.5of 7.78wt.-% 138.5of 7.06wt.-% 
m (styrene) [g] 32.91 32.91 
m (AIBN) [g] 0.18 0.18 
m (NaSS) [g] 0.45 0.45 
m (H2O) [g] 182.8 171.28 
 
Based on the seeded polymerization technique of Park et al.,[55] the homogeneous dumbbell-
shaped core particles were prepared following the routine as shown in Figure 4.1.1. Two baths 
of different dumbbell-shaped core (the DPC_a and the DPC_b) were synthesized following 
the recipe in Table 7.2.1. The PS seeds and PS-MPS seeds were synthesized following the 
procedures described in section 7.2.1. In this step, a 500 mL three-necked glass flask as the 
reactor, the NaSS solution was mixed with the PS-MPS latex under stirring at 200 rpm. After 
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20 minutes, AIBN dissolved in styrene was charged into the reactor, which would swell into 
the PS-MPS spherical particles. The reaction was started by increasing the temperature to 70 
°C under nitrogen atmosphere. The reaction lasted for 8 hours. In the end, the homogeneous 
dumbbell-shaped PS cores were obtained and purified by dialysis for 3 days with water.  
7.2.2.2 Dumbbell-shaped microgels 
In this part, a shell of PNIPA network cross-linked by BIS was fabricated onto the surface of 
aimed core particles through the seeded emulsion polymerization.
[31, 215]
 Different core 
particles were used as seeds for the synthesis of different types of microgels following the 
recipe displayed in Table 7.2.2. The purified DPC_a and DPC_b particles were applied as the 
core particles for the preparation of the dumbbell-shaped microgels with L *~ 0.24 (DPM_a) 
and the dumbbell-shaped microgels with L* ~ 0.30 (DPM_b), respectively. In a typical run, a 
2L three-necked glass flask served as the reactor, where the PS core latex was mixed with a 
certain amount of water containing a mixture of NIPA and BIS monomers. After a complete 
mixture (stirring for ca. 20 minutes), KPS dissolved in H2O was charged into the reactor 
under nitrogen atmosphere. The reaction started by increasing the temperature to 80 °C, and 
ran for 4.50 hours. Afterwards, the dumbbell-shaped microgels were cleaned by ultrafiltration 
as discussed above. When the purification process was complete, 0.05 M KCl solution was 
used to replace the pure water to screen the possible residual charges left from the synthesis.  
Table 7.2.2 Specified recipe for the synthesis of spherical and dumbbell-shaped microgels. The DPC_a core and 
the DPC_b core are the seeds for the preparation of the dumbbell-shaped microgels with L *~ 0.24 (DPM_a) and 
the dumbbell-shaped microgels with L* ~ 0.30 (DPM_b), respectively. 
 m (core) [g] m (NIPA) [g] m (BIS) [g] m (KPS) [g] m (H2O) [g] 
DPM_a 150.6 of 7.13wt.-% 11.70 0.81 0.3 350 
DPM_b 153.5 of 6.99wt.-% 11.70 0.80 0.3 350 
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7.2.3 Preparation of thermosensitive hollow capsules  
A series of core-shell thermosensitive microgels were used as templates to prepare the 
thermosensitive hollow capsules of different morphology. As listed in Table 7.2.3, the 
dumbbell-shaped microgels (DPM) were used as the templates for the preparation of the 
thermosensitive hollow Janus dumbbells (HJD). The spherical microgels (SM) that consist of 
PS spheres as core and crosslinked PNIPA as shell were applied as templates for the 
monolayer hollow spherical capsules (MHS). The bilayer core-shell microgels (BSM) with 
PS-MPS spheres as core and crosslinked PNIPA as shell were applied as the template to 
synthesize the bilayer hollow spherical capsules (BHS).  
 
 
Figure 7.2.1 Sketch of the preparation of thermosensitive hollow capsules, (a) the setup for dissolution of PS 
cores in a 50 mL glass bottle with a cap, which will prevent the solvent evaporation and (b) the purification of 
dissolved PS via centrifugation. 
During the preparation of the thermosensitive hollow capsules, the PS cores were selectively 
removed by the THF treatment. The preparation procedure for each hollow capsule was 
mainly divided into three steps. First, the concentrated core-shell microgel dispersions (10-15 
wt.-%) were diluted with THF in a 50 mL glass bottle with a cap to the weight concentration 
of ca. 0.5 wt.-%. The microgels dispersed in THF were stirred overnight as schematically 
shown in Figure 7.2.1 a. Second, the dispersions were purified via centrifugation to remove 
the dissolved PS. During the centrifugation process (see Figure 7.2.1 b), the microgels were 
precipitated at the bottom, while the dissolved PS stayed in THF as the supernatant. The 
centrifugation tubes used in this part of work were made of Phenol formaldehyde resins 
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(Herolab), which were stable under THF at room temperature and below the speed of 10000 
rpm. The microgels were re-dispersed in THF after the centrifugation and were kept under 
stirring overnight. Three runs of centrifugation, decantation and re-dispersion process were 
carried out every day until the microgels were free of PS. Due to the various structures of the 
thermosensitive microgels, the required cleaning cycles and the centrifugation speeds were 
different to prepare the three types of hollow capsules. Table 7.2.3 summarized the 
preparation procedures for the three types of hollow capsules, including the used template, the 
necessary number of cleaning cycles and the applied centrifugation speed. Finally, the 
purified hollow capsules were re-dispersed in Millipore water and another three cycles of 
centrifugation, decantation and re-dispersion process were performed to replace THF from the 
cleaning procedure. 
Table 7.2.3 Overview of the information of the preparations for three types of hollow capsules, including their 
respective templates, the number of cleaning cycles (Nc); the centrifugation time per cycle (tc) and the 






Sample Template Nc tc (min) Centrifugation speed (rpm) 
MHS SM  10 15 6000 
BHS BSM 30 15 5000 
JHD DPM 60 12 8000 
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7.3 Characterization  
7.3.1 Light scattering  
The dimensional information of the microgel systems was characterized by light scattering. 
As discussed in Chapter 3, the Brownian motion of colloidal particles causes the light 
scattered from a dispersion to fluctuate with time.
[13]
 These fluctuating intensities are detected 
and recorded in the light scattering experiment, and the obtained autocorrelation function 
provides access to the diffusion coefficients of the colloidal dispersion. In this work, dynamic 
light scattering (DLS) was used to analyze the translational diffusion.
[13]
 In case of the 
dumbbell-shaped system, both DLS and depolarized dynamic light scattering (DDLS) 
experiments were necessary to measure both translational and rotational diffusions, which 
corresponded to the translational motion and rotational motion, respectively.  
 
Figure 7.3.1 Schematic figure of the ALV -4000 compact goniometer system that is used for the DLS and DDLS 
experiments in this work. The red line denotes the beam path in a normal measurement.  
The equipment that was used for the DLS and DDLS experiments is a ALV-4000 compact 
goniometer system equipped with a Helium-Neon-Laser (He-Ne-Laser) as schematically 
shown in Figure 7.3.1. The He-Ne-Laser is a class 3b laser, which emits light at a wavelength 
(of632.8 nm (red light) and has a power output of 35 mW. The automatic attenuator 
adjusts the incoming laser intensity for each sample and scattering angles to optimize the 
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scattering results. The polarizer mounted before the sample cell is a so-called Glan-
Thompson-Prisma from the Halle company to increase the ratio of the vertically polarized 
light. The extinction of this polarizer (the ratio of vertical polarized light to horizontally 
polarized light) is 10000 : 1. The analyzer that is mounted before the detector is a Glan-
Thompson-Prisma as well, which is used to filter the light according to its polarization. For 
the DLS experiments, the analyzer is set with an angle of 2.5°, while for the DDLS 
experiments, the angle is 92.5°. In the sample cell, toluene is used as the inner matching fluid 
and the temperature is controlled by a thermostat (Rotilabo, ±0.1 °C). The avalanche photo 
diode (APD) is the detector of the ALV-4000, which is mounted in the goniometer arm. The 
light is focused via a collecting lens (after the analyzer) into an optic fiber cable. The optic 
fiber cable conducts the scattered light to the APD, which transforms the light signal into an 
electric signal. The goniometer arm is movable in a theta range from 0° to 180°. However, the 
angle range measured in this work is limited from 20° to 120° to protect the detector. All 
electric parts of the ALV-4000 are firstly connected with LSE-5004 and then transferred to 
the computer via a USB connector. The ALV-4000/ LSE-5004 controls the goniometer, 
measures the temperature in the sample cell and correlates the incoming signal.  
7.3.1.1 DLS measurements 
As for the light scattering experiments, the samples were prepared in the dust-free fume hood 
(ADS Laminaire). To avoid aggregations or impurities in the measured sample, all the 
samples were filtered via syringe filters (Pall). The type of filter was chosen according to the 
size of samples. Dumbbell-shaped core particles
 
were prepared with concentration of 0.001 
wt.-% and then filtered through 0.45 µm nylon filters (Pall). Afterwards, the sample was 
charged into a dust free quartz glass cuvettes. Particles were firstly diluted to obtain a final 
concentration of 0.005 wt.-% and then filtered through a 1.2 µm nylon filter.All the DLS 
measurements were carried out with angles between 20° and 120° by a measurement step of 
5°. Prior to measurements of thermosensitive microgels, one hour was set for the temperature 
equilibrium. Three single measurements were recorded at each angle and averaged.  
7.3.1.2 DDLS measurements 
As for the dumbbell-shaped systems, the DDLS measurements have been performed. 
Compared to the setup used for the DLS measurements, the polarization plane of the Glan 
Thomson analyzer was changed by 90° for the DDLS measurements. Five runs for each 
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scattering angle have been carried out between 20° and 50° with an angular step of 2.5° for 
the dumbbell-shaped cores. In case of the dumbbell-shaped microgels at 25 °C, five runs at 
scattering angles between 20° and 40° with an angular step of 1.5° for 20°-30° and 2.5° for 
30-40° were recorded, respectively.  
The intensity of autocorrelation functions were evaluated using the CONTIN software 
provided by the manufacturer (ALV Correlator Software 3.0). As a result, the DLS 
measurements provided the translational diffusion coefficient D
T
, while the DDLS 
measurements yielded both D
T
 and rotational diffusion coefficient D
R
. The hydrodynamic 
radius of the spherical systems was calculated based on the Einstein-Stokes equation.
[216]
 The 
dimensional information of the dumbbell-shaped systems was calculated through the shell 
model and thus the center to center distance (L) and the diameter of one composed sphere (D) 
were obtained. More details about the calculations were explained in Chapter 3.  
 
7.3.2 Electron microscopy 
The morphology of the core systems including both spherical and dumbbell-shaped cores was 
investigated by the transmission electron microscopy (TEM). Carbon support film (200 mesh, 
Science Services, Munich, Germany) have been pretreated by the glow discharge for 10 
seconds. TEM specimens were prepared by dropping approximately 5 µL of a 0.1 wt.-% 
solution on a TEM copper grid After 2 minutes, the excess liquid was blotted with a filter 
paper. The remaining liquid film on the TEM grid was dried at room temperature for at least 
one hour. The specimen was inserted into the sample holder (EM21010, JEOL GmbH, Eching, 
Germany) and transferred to a JEOL JEM-2100 with a LaB6 cathode (JEOL GmbH, Eching, 
Germany). The TEM was operated at an acceleration voltage of 200 kV. All images were 
recorded digitally by a bottom-mounted 4k CMOS camera system (TemCam-F416, TVIPS, 
Gauting, Germany) and proceeded with a digital imaging processing system (EM-Menu 4.0, 
TVIPS, Gauting, Germany). 
Cryo-TEM was used to visualize the particles in situ, in particular for the morphology of the 
microgels system. Cryo-TEM specimens were prepared by vitrification of thin liquid films 
supported on a TEM copper grid (600 mesh, Science Services, Munich, Germany) in liquid 
ethane at its freezing point. The specimen was inserted into a cryo-transfer holder (CT3500, 
Gatan) and transferred to a Zeiss EM922 EFTEM. Measurements were carried out at 
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temperatures around 90 K. The TEM was operated at an acceleration voltage of 200 kV. 
Micrographs were digitally recorded using a bottom-mounted, TVIPS TemCam-F416 16bit 
CMOS camera with a field of view of 4k*4k. Saturation effects were avoided by keeping the 
intensity below 15000. The histograms of the 16 bit micrographs were adjusted using the free 
software package ImageJ. In addition, cryo-TEM has been extended to perform a quantitative 
analysis of the gray scale of the micrographs in order to obtain the local electron density of 
the particles.  
7.3.3 Scanning force microscopy (SFM)  
The sample for SFM was prepared by placing 20 µL of the suspensions on a mica substrate. 
10 seconds later, the sample was dried by the spin coating with a speed of 50 rpm if not 
specially stated. The images were recorded by operating in peak force mode (MultiMode 
SFM, Bruker Corporation; Nanoscope 8 SFM controller). Silicon cantilevers were used with 
typical resonance frequencies of 70 kHz and spring constants of 2 N/m. (Olympus 
Corporation). The tips exhibited an asymmetric cone shape with the maximum opening angle 
of 35° and a typical apex radius of 7 nm, with an upper limit of 10 nm, as provided by the 
manufacturer.   
7.3.4 Rheology and Rheo-SANS 
7.3.4.1 Rheology 
The rheological measurements were performed with a stress-controlled rotational rheometer 
Physica MCR301 (Anton Paar). In general, there are three types of geometries that can be 
used on a rotational rheometer to create a viscometric or nearly viscometric flow as shown in 
Figure 7.3.2 in a schematic manner. They are the cone and plate geometry, the parallel disks 
geometry and the coaxial cylinders geometry, respectively. Each type of geometry has its own 
advantages and disadvantages. A cone and plate geometry can provide a uniform shear rate 
through the sample, which is important for the transient measurements. Moreover, only a 
small amount of sample is necessary when the radius of the tools is kept small. However, it 
can be problematic to measure suspensions of large particles by the cone and plate geometry. 
Owing to the adjustable gap height, the parallel disks are more suitable for large particles. In 
addition, the shear rate can be changed by varying the rotational speed and by changing the 
gap, which facilitate the characterization of wall slip. Unfortunately, the shear rate in this 
geometry is not uniform but varies linearly in the radial direction, which complicates the 
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calculation of viscosity. Both geometries, however, are unsuitable when sedimentation 
happens in the measured sample. Even with a minor settling, the top platen would rotate in an 
essentially liquid phase. In this case, the coaxial cylinders are suitable, where a settling 
distance only causes a local effect near the top of the cylinders. A disadvantage of the Couette 
cell is that the loading of viscous materials in a Couette geometry is much more difficult than 
the other two geometries. In this work, the cone and plate geometry is chosen for normal 
rheological measurement on the Physica MCR301. The Physica MCR501 with a Couette 
cellis applied for the combination with small angle neutron scattering experiments (D11, ILL, 
Grenoble ).  
 
Figure 7.3.2 Geometries of the rotational rheometer: (a) cone and plate; (b) parallel disks; (c) coaxial cylinders 
(Couette).  
The motions in these three geometries are generated by moving the walls, which drags the 
fluid in the geometry. Based on the drag flows, the rotational rheometer creates a simple shear 
flow in which the flow field is laminar and the shear rate is constant throughout the 
sample.
[137]
 The kinematic of the flow is set by the rheometer, which is independent of the 
sample’s rheology. Then measurements of the forces and torques acting on the geometry lead 
to the stresses (). The ratio of the shear stress to the shear rate (?̇?) yields the viscosity. The 
rotational rheometer can perform measurements in two basic modes, the shear steady mode 
and the oscillatory shear mode. Based on the shear steady mode, the steady state flow curve, 
overshoot and the stress relaxation of materials can be measured. The oscillatory 
measurements can be performed through the oscillatory shear mode to characterize the 
viscoelastic properties of matter. The measurement protocols include, for example, the strain 
amplitudes sweep at a fixed frequency to study the linear and nonlinear regimes, the time 
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sweep at fixed frequency and fixed strain amplitude to test the time stability, and the 
frequency sweep at fixed strain amplitude.  
Two main measurement protocols are discussed in Figure 7.3.3, including the flow curve and 
the amplitudes sweep. The steady state experiments are normally performed by increasing the 
shear rate. In principle, the same viscosities should be generated by decreasing the shear rate. 
A hysteresis as shown in Figure 7.3.3a may be caused by intrinsic time effects or a shear rate 
and time dependent structure. The steady state experiments based on the hysteresis are useful 
to probe thixotropic systems. The amplitudes sweep in the oscillatory shear flow is commonly 
used to investigate the viscoelastic properties of suspensions,
[137, 178]
 which is denoted by the 
storage modules (G’) and the loss modules (G’’).   
 
Figure 7.3.3 (a) Flow curve that is measured based on the steady shear mode, that is the dependence of on the 
increasing and decreasing ?̇? (b) the dependence of G’ and G’’ on the increasing strain amplitudes, which is 
measured in the oscillatory shear field with fixed f.  
In this work, four different measurements were performed to investigate the phase behaviour 
of the hard dumbbell suspensions in various crystalline phases. They were the measurements 
of flow curve, the strain amplitudes sweep at fixed frequency, the time sweep, and the 
frequency sweep. The flow curve experiment was performed by increasing the shear rate from 
0.001 s-1 to 1000 s-1 with a logarithmic time ramp of 1000 s to 10 s and then decreasing from 
1000 s-1 to 0.001 s-1 with a logarithmic time ramp of 10 s to 1000 s. Time sweep experiments 
were set at 1% strain and 1Hz frequency in the linear viscoelastic region to test the time 
stability. Yielding behaviour has been investigated at the fixed frequency (1 Hz or 5 Hz) and 
various strains of amplitudes ranging from 0.1% to 1000%. For each measurement, 60 points 
were measured with 100 s per point. The frequency sweep at a fixed strain amplitude (max = 
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1%) was done in the frequency range from 10 Hz to 0.001Hz with a logarithmic time ramp of 
600 s to 20 s. For all the measurements, samples were pre- sheared at a shear rate of 100 s-1 
for 200 s and a waiting time (tw) of 60s was followed in order to guarantee that all measured 
samples started with the same non-equilibrium initial state. For the flow curve experiments, tw 




Figure 7.3.4 Instrument layout of the rheo-SANS setup (D11, Grenoble). The stress-controlled rheometer 
(Physica MCR501, Anton Paar) with a couette cell was used to apply oscillatory shear. 
The rheo-SANS experiments were carried out at D11 in Grenoble to investigate the structural 
evolution of hard dumbbell suspensions under oscillatory strain. The rheo-SANS set up as 
shown in Figure 7.3.4 was built based on the combination of SANS and a rheometer (Physica 
MCR 501, Anton Paar) with a Couette cell. A polychromatic beam from the cold source was 
monochromated by a helical slot (ASTRIUM) velocity selector, which selected neutrons of ± 
9% about a mean wavelength determined by the rotation speed of the drum. The wavelength 
used in this study was 13 Å. The collimators were used to filter the incident beam stream so 
that only those travelling parallel to a specific direction can pass through. The diaphragms 
used in this work had a aperture with a diameter of 5 mm, which aimed at regulating the 
amount of light that can pass. The instrument was equipped with a 96 * 96 cm
2
 He gas 
detector (CERCA) with a 7.5 * 7.5 mm
2
 resolution. The distance between the detector and the 
sample can be varied from 1.2 m to 39 m. In this study, all experiments were done with a 
distance of 39 m except several transmission measurements and static experiments, which 
were done at 8 m. 
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The rheometer with a Couette cell was mounted to perform rheological measurements on 
samples with the measuring system CTD 200/GL. The used Couette geometry was composed 
of a fixed quartz cup with a diameter of 50 mm and a movable cylinder with a diameter of 49 
mm. The gap between the measuring cup and cylinder was determined to be 0.5 mm. 
However, the solved trap did not fit well with the quartz measuring cylinder due to the design 
problems. The Ti cylinder (ME49/Ti/SANS) of the same size was used to provide a good 
solvent protection. In principle, the rheo-SANS setup as shown in Figure 7.3.4 allows 
measurements with the incident beam along the flow direction or the center line of the shear 
cell. Due to the time limitation, SANS experiments in this work were only carried out with the 
incident radiation propagating in the radial direction as schematically shown in Figure 7.3.5. 
This corresponds to measurements with component of the scattering vector in the gradient 
direction of zero magnitude. The structure factor is thus projected in the vorticity-velocity 
scattering plane.   
 
Figure 7.3.5 (a) Detailed schematic for the measured part of the Couette cell. The red lines denote the beam path 
(b) Orientation of the main scattering geometries: V is velocity, ▽ is gradient and e is vorticity. 
As shown in Table 7.3.1, the DPM_a suspensions with L* ~ 0.24 at volume fractions of 0.51 
and 0.60 and the DPM_b suspension with L* ~ 0.30 at volume fraction of 0.60 were measured 
at rest and under shear, respectively. After the loading of each sample, nearly one hour was 
set for the temperature equilibrium. SANS experiments were followed to measure the 
scattering of the hard dumbbell suspensions in equilibrium, which lasted 15 min to collect 










 7.3 Characterization  
117 
 
Table 7.3.1 Per of hard dumbbells in the oscillatory shear field at measured temperature (DPM_a, 10 °C and 15 
°C; DPM_b 15 °C). DR used for the calculation is achieved by the DLS and DDLS measurement and shell 
modelling.[132]  
 DPM_a  10 °C  
(= 0.60, f = 1 Hz) 
DPM_a  15 °C   
(= 0.51, f = 1Hz) 
DPM_b  15 °C   
(= 0.63, f = 5 Hz) 
Dr [s
-1] 6.05 7.50 17.70 
Per (max = 1%) 0.01 0.008 0.018 
Per (max = 5%) 0.05 0.04 0.09 
Per (max = 10%) 0.10 0.08 0.18 
Per (max = 16%) - - 0.29 
Per (max = 19.4%) 0.20 0.16 - 
Per (max = 23.6%) 0.24 0.20 0.42 
Per (max = 42.3%) 0.44 0.36 0.75 
Per (max = 50%) 0.52 0.42 0.89 
Per (max = 60%) 0.62 0.50 - 
Per (max = 62.6%) - - 1.12 
Per (max = 70.9%) 0.73 0.59 1.27 
Per (max = 76%) - - 1.36 
Per (max = 90%) 0.93 0.75 1.61 
Per (max = 116%) 1.20 0.97 2.08 
Per (max = 136%) - - 2.43 
Per (max = 166%) - - 2.97 
Per (max = 201%) - - 3.60 
Per (max = 300%) - - 5.37 
Per (max = 500%) 5.19 4.19 8.92 
Per (max = 1000%) 10.38 8.38 17.84 
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Each sample was pre-sheared at a shear rate of 100 s
-1
 for 200 s and then followed tw of 60 s 
to initialize all the samples at the same non-equilibrium state. SANS experiments were then 
performed under oscillatory shear with a fixed frequency (1 Hz for the DPM_a suspension or 
5 Hz for the DPM_b suspensions) and various strains along the dependence of G’ and G’’. A 
list of the applied strain amplitudes and Per are summarized in Table 7.3.1 for each sample, 
which were chosen according to the dependence of G’ and G’’ on . DR used for the 
calculation of Per was resulted from the DDLS and DLS measurements. More details related 
with the calculations for D
R
 and Per were specified in Chapter 3. 
Each of these measurements lasted at least 25 min, the scattering of the first 10 min was 
recorded to present the structural evolution after the application of certain oscillatory shear. 
For the case that more oscillations were needed, another 10 min scattering run was followed. 
As long as the scattering became stable with time, a scattering run of 15 min was performed 







Figure 7.3.6 The radial integration by sectors through the LAMP-SANS software based on (a) 2D scattering 
pattern of the hard dumbbell suspension (eff= 0.60) under oscillatory shear (f = 1 Hz, max = 50%, Per = 0.52). 
The two dashed lines denoted by 180° and 210° are marked to show the centre line of two integrated sectors. The 
two solid red lines display the integrated sector with centre line of 180°. (b) the scattering intensity I(q) based on 
the two integrated sectors, the empty circles mark the radial integration over the sector along the centre line of 
180°, and empty squares denote the radial integration along the centre line of 210°. The peak positions are 
determined at 0.00132, 0.00225, 0.00263, 0.00346 A-1 , which are indexed as 1: √3: 2: √7.  
Scattering and transmission measurements were carried out on the empty sample cells and the 
dispersed solution (50 mM D2O) with the distances of 8 m and 39 m, respectively. To collect 
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measurement lasted 15 min. These measurements are necessary for the background 
subtraction in the data evaluation process, which was done through the LAMP-SANS 
software. The scattering data of samples was thus obtained according to 
𝑰(𝒒)  =  𝑰𝒔(𝒒) – (𝟏 − 𝝓)𝑰𝒄𝒆𝒍𝒍(𝒒) − 𝝓 ∗ 𝑰𝑫𝟐𝑶(𝒒)  ,                                                          (7.3.1) 
where Is(q) is the original scattering data, Icell(q) is scattering data from empty cell, ID2O(q) is 
for empty cell filled with 50 mM D2O, and  is volume fraction of measured sample.  
The data evaluation of the scattering was done by the radial integration via the LAPM-SANS 
software. Figure 7.3.6a presents the integration process by sectors using the anisotropic 
scattering pattern of the DPM_a suspension under oscillatory shear (f = 1 Hz, max = 50%, Per 
= 0.52) as an example. Due to the symmetry of the scattering pattern, the two integrated 
sectors with centre line of 180° and 210° were chosen to represent all the shown peaks. Take 
the sector with centre line of 180° as an example, the boundaries of integrated sector are 
labelled via the two solid lines (see Figure 7.3.6a). The results of radial integration in Figure 
7.3.6b indicated that the crystalline peaks appear at q’s (A-1): 0.00132, 0.00225, 0.00263, 
0.00346, respectively. Based on the peak positions, the crystal structure was indexed as 2D 
hcp layers.[161] As for the underlying dynamics, the Brownian dynamic simulations were 
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